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Introduction 
Handwriting and human movement research 
The study of the motor aspects of handwr i t ing has a h is tory tha t m many 
respects mi r rors the headlines of the study of human and animal movement 
m general From a neurophysiological point of view handwr i t ing is an 
int r icate and complex task which evokes questions about the relation 
between bra in s t r u c t u r e s , w r i t i ng performance, and wr i t i ng disturbances 
(Margol in, 1984), and the more fundamental questions about the specif ic 
relat ionships between neurophysiological control and muscle variables such 
as length , ve loc i ty , fo rce , s t i f fness, and viscosi ty (S tem, 1982) Recent 
research has shown that the human motor system has a large number of 
degrees of freedom m the control of specific variables m specif ic si tuat ions 
and tasks , Of course, the approach of neurophysiology centers around the 
biological control systems But the human movement is never an abstract 
phenomenon, separate f rom its mechanical and biophysical context 
Al though th is is not always real ized, cer ta in ly not by the more cogmt ive ly 
or iented researchers in the f ie ld of psychomotor behavior , many of the 
pecul iar i t ies of the moving limbs are governed by physical and biomechamcal 
laws It is the recent challenge of robotics that has confronted the 
researcher of moving systems wi th the requirement to integrate ideas of 
more centra l ly represented control systems wi th the constraints of the 
internal and external physical wor ld (Morasso & Tagl iasco, m prep ) 
A number of mathematical simulations of movements have, over the past 
decades, been devised to b r idge the gap between cogni t ive in tent ions, 
which may be called the more central aspects of handwr i t i ng , and 
biophysical signal ensembles f rom a biophysical-muscle system, moving m a 
physical wo r l d . On the basis of mathematical equations several researchers 
have presented handwr i t i ng models, or attempts at simulat ing handwr i t ing 
(Denier van der Gon, T h u r i n g & Strackee, 1962, MacDonald, 1966; 
Vredenbregt & Koster, 1971; Hol lerbach, 1980, Plamondon & Lamarche, 
1986) 
More recent ly , experimental psychology has taken an intense interest in 
handwr i t ing as a psychomotor task Indeed, a great deal of at tent ion is 
present ly being paid to the s tudy of psychomotor processes involved in the 
product ion of handwr i t i ng . These processes are fundamental ly responsible 
fo r the temporal performance and the ult imate spatial p roduc t In the s tudy 
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of psychomotor behavior m general there is a growing interest m the 
temporal and spatial aspects of psychomotor tasks Various models have 
been developed of psychomotor processes such as speech product ion and 
t yp ing (S te rnberg , 1978, Rumelhart t Norman, 1982) Also for handwr i t ing 
several psychomotor s t ruc tures of handwr i t i ng processes have been 
specif ied by Ellis (1982), Schmidt (1982a, 1982b), Hulst i jn and Van Galen 
(1983), Van Galen and Teulmgs (1983), Margolin (1984), and Van Galen, 
Meulenbroek and Hylkema (1986) Al l these authors describe handwr i t ing 
as a ser ial ly and hierarchical ly organized product ion process At a high 
central level m the s t r uc tu re , a representat ion of an abstract motor 
program is ret r ieved from long-term memory, subsequent ly , parameters such 
as size, shape, t im ing , and accuracy are ad jus ted , and f ina l l y , at a low 
per ipheral level , commands are generated f o r the per forming biophysical 
muscle-joint systems 
Most of these psychomotor models pay remarkably l i t t le attention to the 
details of product ion of the actual handwr i t ing The mathematical approaches 
to the descr ipt ion of the handwr i t ing process, mentioned above, have shown 
that any model of the wr i t i ng task should specify the way m which 
commands of a more central level in interact ion wi th the physical constraints 
of the moving limb and the wr i t i ng inst rument is responsible for the 
product ion of the f inal handwri t ten t race The major par t of the present 
s tudy concentrates upon just this f inal stage of the handwr i t ing-product ion 
process, and in that sense, should be s i tuated at the border l ine of 
mathematical analysis and psychomotor-product ion models The psychomotor-
product ion models have been analysed as to the i r power to simulate real- l i fe 
w r i t i ng traces under various condit ions The emphasis m this endeavor is 
upon the more per ipheral stages in the psychomotor -handwr i tmg process 
From a psychomotor point of v iew, these models are therefore called 
peripheral models The commands m these models concern stroke length , 
ve loc i ty , and force as var iab les, which are not d i f fe ren t from the variables 
as specif ied m neurophysiological research Limb st i f fness and viscosi ty are 
neglected They have a similar funct ion as the contro l variables used in 
mathematical approaches in handwr i t ing research 
Overview 
In Chapters 2 th rough 5 experimental studies on the psychomotor process 
are presented, roughly ordered from the ef fectors at the lowest per ipheral 
level towards the more central level w i th studies concerning global 
parameters 
Chapter 2 describes an invest igat ion on the character is t ics of the two 
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biophysical processor systems ( thumb- fmgers and hand-wr is t ) responsible 
fo r produc ing the actual handwr i t ing movements in the last stage of the 
process. The expectation is that these two largely d i f fe r ing biophysical 
processors each have the i r own specif ic f requency character ist ics and 
pre fe r red f requencies. The results of experiments show, however, that the 
di f ferences are non-s igmf ican t . The two biophysical systems appear to have 
about the same f requency character ist ics and they both have a p re fe r red 
f requency of about 5 Hz. 
In Chapter 3 four teen models of biophysical processors are compared. 
The commands, or the information from a motor program, t ransmit ted to 
these processors, consist of information about time and position of the so-
called t ransi t ion points Trans i t ion points in handwr i t ing are selected points 
along the wr i t i ng trace where special events are assumed to occur. They 
can be located at places of maximum c u r v a t u r e , at places of maximum or 
minimum ve loc i ty , on points of zero crossings in accelerat ion, and so on . 
The location of t rans i t ion points depends on the adopted specif ic model of a 
per ipheral processor Based on t rans i t ion po in ts , a per ipheral processor 
produces an interpolat ion between these po in ts . Each of the fourteen models 
has its own specif ic mode of interpolat ion This varies from c i rcu lar 
segments to specific force impulses The models are all implemented in o rder 
to simulate various specimens of handwr i t i ng . The most important results of 
the simulations are, that the descr ibed form of coding handwr i t ing is qui te 
economical and may produce accurate approximations of natural handwr i t i ng . 
Especially those processors tha t are def ined on velocit ies in separate X 
(horizontal) and Y (ver t ica l ) d i rec t ions, y ie ld accurate resul ts . Another 
f i nd ing is , that maintaining t iming is essential fo r the accurate reproduct ion 
of natural handwr i t i ng . 
In Chapter 4 the per iphera l models, def ined in the previous s tudy , are 
invest igated as to the i r robustness under var iat ion of certain global 
parameters of w r i t i n g , viz , size, slant and or ienta t ion. In psychomotor 
theory it is usually assumed tha t processors, work ing at d i f fe ren t levels in 
the ent i re psychomotor system, are independent In th is specific case, the 
work ing of per ipheral w r i t i n g processors should not change when global 
parameters at a h igher level are var ied . From an experiment it appears that 
the work ing of those processors that produce the best approximations to 
natural w r i t i n g , are indeed to a large extent independent of sett ings of 
global parameters. The models produc ing the poorest approximat ions, in 
cont rast , appear to be sensi t ive to changes in the global parameters. An 
example of th is is a processor according to the model described by 
Vredenbregt and Koster (1971), fo r which i t is shown that the output is 
var iable under size var iat ions 
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Writing slant is another global parameter which is assumed to be set at a 
higher level in the psychomotor-process structure. The question arose to 
what extent this global parameter is constant under variation of other global 
writing parameters which are, in principle, m conflict with constancy of the 
parameter for writ ing slant. In an experiment (Chapter 5) subjects are 
asked to write a certain text and to vary the width of the handwriting If 
this is done by a linear transformation then, as a consequence, overall 
writ ing slant will change. The results of the experiment are, however, that 
subjects handle up and down strokes m handwriting m a different way. 
The variation m width is, for the largest part, obtained by varying the 
direction of the up strokes. Another finding in this study is, that the 
subjectively judged writ ing slant is based on the direction of the down 
strokes. The global parameter writing slant, now defined as the direction of 
the down strokes, is kept more or less constant under conditions of varying 
width. 
Signal processing and handwriting features 
Quantitative handwriting research is relatively young in comparison to the 
somewhat related speech research. For this reason it was necessary to 
develop apparatus, methods, and signal-processing techniques by means of 
which handwriting can be recorded and analysed. Some methods could be 
adopted from speech research, but more often the investigation of 
handwriting requires its own specific techniques. In the study of 
handwriting as a motoric process, the temporal domain is most important in 
contrast to the majority of the speech studies, where the most important 
analyses are performed in the frequency domain. As a consequence, the 
largest part of the signal-processing techniques described m Chapter 6 are 
based on time functions such as those of the pen's position, velocity, and 
acceleration. Based on these time functions there are numerous methods for 
deriving writing slant (used in Chapter 5), average speed, average pen 
pressure, transition points (used in Chapters 3, 4 and 5), etc Techniques 
in the frequency domain, used m Chapters 2 and 5 for deriving bandwidth 
of handwriting signals, are also discussed m Chapter 6 A number of the 
techniques discussed are applicable in handwriting education and 
psychomotor assessment An example is the calculation of balhsticity, ι e. 
the determination of fluency m the production of handwriting segments. 
The techniques also can be used for deriving individual global features 
of handwriting. These features are not only based on the static writ ing 
trace, but they also comprise the determination of temporal quantities and 
writ ing pressure, which provide valuable additional information. The 
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current possibility to derive more global features of handwriting, on the 
basis of both the writing trace and temporal quantities, gives rise to the 
question as to whether it is possible to use the extra information for the 
identification of writers and for the automatic reading of handwriting In 
Chapter 7 an experiment is described which is concerned with the 
identification of writers on the basis of a single line of written text The 
results are that more than 95 percent of the lines were correctly assigned 
to the writer If a writer is known to an automatic handwriting-recognition 
system, such a system can use the writer-specific information, which may 
reduce the complexity of the required pattern-recognition system 
Thomassen, Teulmgs and Schomaker (in press) describe a psychomotor 
approach to such dynamic, or real-time automatic recognition of 
handwriting 
Reading this dissertation 
Chapteis 2, 5 and 7 of the six following chapters are articles published m 
journals or contributions to edited books Chapter 6 is a compilation of 
three earlier publications Chapters 3 and 4 are submitted for publication 
Because of the independency of the chapters, the transition between 
successive chapters is in some cases slightly discontinuous To overcome 
this inconvenience, each chapter is opened by a brief connective and 
introductory text 

Chapter 2 
THE INFLUENCE OF CHANCES IN THE EFFECTOR COORDINATE 
SYSTEM ON HANDWRITING MOVEMENTS 
At its most peripheral extreme, handwriting is generally produced by the 
¡oints In the thumb-and-fingers, the hand rotating around the wrist, and 
the elbow. The question is to what extent the mechanical restrictions of 
these biophysical systems determine the writing process. Are, for instance, 
the temporal features of handwriting signals, expressed in terms of 
frequency characteristics, mainly due to the constraints imposed by these 
biophysical systems or is the high-level psychomotor process controlling the 
writing movements itself responsible for these characteristics? In the 
present chapter it is assumed that normal cursive handwriting is produced 
by using two biophysical systems, one consisting of the thumb and fingers 
(Y'i, and the other consisting of the entire hand rotating around the wrist 
( X ' ) . By fixing the underarm, during an experiment, the influence of 
underarm movements on the writing process can be eliminated, and, 
provided that the messages to be written are short enough, the handwriting 
signal as produced solely by the X' and Y' systems mentioned can be 
recorded and analysed. 
The movements during writing can be divided into the movements 
originating from the Y' and those from the X' system. On the basis of 
general physical considerations [e.g., greatly different mass of the two 
systems] one might expect that the signals from Y' and X' have different 
frequency characteristics. From the experiment to be reported in the 
present chapter. It appears that the signals of the two systems have no 
significantly different bandwidth or preferred oscillation frequency. Both 
systems have a preferred frequency of about 5 Hz. Another finding is that 
the output power of the Y' system increases as the output power of the X' 
system decreases due to the experimental movement-excursion restrictions. 
The results do not correspond with the expectation that physically differing 
systems also have different frequency characteristics. The facts that, 
depending on external constraints, the contributions by the two systems 
change, and that both systems have about the same preferred frequency, 
are an indication of a dominant role of the high-level psychomotor process 
responsible for the control of the X' and Y' systems. 
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The influence of changes in the effector coordinate system on 
handwriting movements1 
Frans J . Maarse, Lambert R.B. Schomaker and A r n o l d J .W.M. Thomassen 
Abstract 
In the h a n d w r i t i n g of many subjects a systematic change m a number of 
variables occurs f rom left to r i g h t w i th in words It is hypothesized t h a t 
p a r t l y these effects are due to biomechanical constra ints caused by 
increasing ulnar a b d u c t i o n , or hand r o t a t i o n , d u r i n g the p r o d u c t i o n of a 
w o r d . In an exper iment, small hand movements m p r e f e r r e d l e f t - t o - r i g h t 
d irect ions around the w r i s t and f i n g e r jo ints were analyzed as to t h e i r 
power spectral dens i ty d i s t r i b u t i o n s . This was done f o r f i v e levels of 
rotat ion of the h a n d . Subsequent ly, the subjects produced normal 
h a n d w r i t i n g assuming the same f i v e posit ions. Results can be character ized 
by changes in the ef fector f r e q u e n c y p o w e r - s p e c t r a . From left t o r i g h t , the 
power of the f i n g e r system increases and the power of the h a n d - w r i s t 
system decreases. The changes in observed w r i t i n g d i rect ions are, 
however, less than the changes in or ientat ion of the effector subsystems. 
Possible causes of th is unexplained slant constancy are d iscussed. 
1. Introduction 
D u r i n g the execution of a simple w r i t i n g or d r a w i n g p a t t e r n such as a 
c i r c l e , t r i a n g l e or a r r o w , consist ing of several strokes and last ing 
approximately two seconds, t h e r e is an increasing pressure at the t i p of the 
pen. A t 90 percent of the total movement d u r a t i o n pen pressure reaches a 
maximum (Kao, 1983). In c u r s i v e h a n d w r i t i n g , the movement d u r a t i o n of 
short words is comparable to the durat ion of these simple movements. An 
increased level of pen pressure across words has l ikewise been observed 
(Maarse, Schomaker Ь T e u l m g s , 1986). The increase in pressure is often 
accompanied by a decrease m let ter size. Th is is an i n t r i g u i n g phenomenon, 
f o r which no explanation has as yet been at tempted. One of the questions 
that must be answered is to what extent these and similar changes o c c u r m g 
w i t h i n words are determined by 'per iphera l ' biomechanica! r e s t r i c t i o n s of the 
1
 In H.S.R. Kao, G P. van Galen & R. Hoosam ( E d s . ) , Craphonomics: 
Contemporary research in handwriting (pp 33-46) Amsterdam: North 
Hol land, 1986 
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"20 mm/s Vx (t) 
Figure 1 . Examples of f inger and hand movements between words 
(movements above the paper are represented by dotted l ines) . 
The three time funct ions are: Y coordinate ( S y ( t ) ) , vert ical and 
horizontal veloci ty (Vy ( t ) and V x ( t ) . The square markers 
indicate extrema in X velocity du r i ng pen-up movements. 
execut ing effector system, rather than by factors of a more 'centra l ' t ype . 
The present s tudy intends to relate th is k ind of question with the changing 
mechanical features of the per ipheral w r i t i ng system due to the rotation of 
the hand du r i ng l e f t - t o - r i g h t movements. 
The w r i t i ng hand can be seen as s t r uc tu red according to two more or 
less independent ly operat ing subsystems (Dooijes, 1984; Hollerbach, 1980). 
The f i r s t system rotates the ent i re hand about the wr is t from radial 
abduct ion to ulnar abduct ion. For small displacements the lat ter hand 
rotat ion may be considered to produce near- l inear movements of the pen. In 
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20 mm/s Vy (t) 
.20 mm/a Vx (t) 
| IQOma | 
orthogonal ( d i g i t i z e r ) coordinate system 
obl ique (ef fector) coordinate system 
Figure 2 Comparison of orthogonal and obl ique coordinate system f o r large 
downstroke in b. 
th e average w r i t i n g p o s t u r e , th is subsystem c o n t r i b u t e s predominantly to 
the horizontal movement, t h e r e f o r e its p r i n c i p a l axis wi l l be labelled X' The 
other system consists of the thumb and index and middle fingers. A 
commonly found range of angles between the two movement direct ions is 
f rom 30 degrees f o r sketch ing movements to 70 degrees f o r w r i t i n g (Dooijes, 
1983) A l though the f i n g e r subsystem has many more degrees of freedom 
than the hand subsystem, its p r e f e r r e d movement d i rect ion d u r i n g w r i t i n g 
can be established re l iab ly , it is simply d e r i v e d f rom the p r e f e r r e d w r i t i n g 
slant (Maarse Ь Thomassen, 1983) The l a t t e r d i rect ion is assumed to 
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F i g u r e 3 . Experimental se t -up of XY- tab le t ( d i g i t i ze r ) , forearm cuf f , and 
paper. 
coincide w i th the pr inc ipa l axis of the f i nger subsystem and wi l l be labelled 
Y ' . The X 'Y ' coordinate system which thus reflects biomechamcal geometry 
on the one hand and predominant direct ions m the wr i t i ng trace on the 
o ther , wi l l general ly const i tu te an obl ique coordinate system (Dooijes, 
1984). 
In many r igh t -handed wr i te rs it has been observed m our laboratory 
that between words there is a pen-up movement of the hand to the r i gh t , 
such that the pen posit ion overshoots the s ta r t ing posit ion of the new word 
in the X-d i rec t ion Meanwhile, the f inger subsystem performs an extension 
which moves the pen-posi t ion to a Y- level well exceeding the le t ter height . 
This v i r t ua l upstroke is fol lowed by a downstroke to the le f t , also above 
the paper, unt i l at last the target pen-down position is reached where the 
product ion of the next word starts (see Figure 1) . It seems as if the hand 
moves to an optimum posit ion to make the most ef f ic ient use of the hand 
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rotation range. In these 'explorat ive ' or ' reset ' movements between words 
much higher velocities are observed than m the w r i t i ng movements w i th in 
words . 
In terpretat ion of movement velocity pat terns as recorded by the XY 
orthogonal coordinate system of the handwr i t ing d ig i t i zer requires a 
t ransformat ion of the orthogonal coordinates into the obl ique X' and Y' 
coordinates m order to model the described biomechanical geometry. In 
Figure 2, f o r instance, it can be seen that the near-ver t ica l downstroke of 
h could be erroneously in terpreted as 'Y ac t i v i t y ' if the orthogonal 
coordinate system is used, whereas, according to the obl ique coordinate 
system it should fo r its major par t be in terpre ted as non-ac t iv i ty m the X 
d i rec t ion . One question now is whether the obl ique coordinate system of a 
certain wr i t e r rotates as a whole as a funct ion of hand ro ta t ion , or whether 
also the angle between X' and Y' coordinates is a funct ion of the rotat ion of 
the hand. This is an empirical question that we shall s tudy m the present 
paper. 
A f te r obta in ing estimates of the or ientat ion of the axes of the ef fector 
coordinate systems for var ious levels of rotat ion of the hand it wi l l 
moreover be possible to t ransform the orthogonal XY coordinates accordingly 
and to estimate the cont r ibut ion of each of the two ef fector systems under 
these d i f fe ren t hand-rotat ion condit ions. It is hypothesized that spectral 
bandwidth increases and spectral power amplitude decreases from adduct ion 
to abduct ion, i.e from left to r i gh t . The answer of th is second question 
could then be related to the mentioned decrease of height and w r i t i ng 
slant, perhaps as the mam causal fac tor . 
2 . Experiment 
In the experiment to be descr ibed below, subjects are requ i red to produce 
small, near- l inear , c i rcu la r and normal w r i t i ng movements under various 
degrees of rotat ion of the hand. The p re fe r red movement d i rect ions as well 
as the spectral propert ies of these movements wil l be s tud ied . 
2.1. Subjects 
Two male and two female subjects, all of whom were r i gh thanded , 
par t ic ipated in the exper iment. Thei r ages ranged from 26 to 40 years . 
They were students and staff of the Department of Experimental Psychology 
at the Un ivers i ty of Nijmegen. 
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Figure 4. Recorded movements of subject 1. From top to bottom: hand and 
f i n g e r movements (Task 1 and 2) and circles of Tasks 3, 4 and 
5. 
2.2. Apparatus and materials 
The h a n d w r i t i n g movements were recorded by means of a computer-
control led d i g i t i z e r (Vector General D T I ) wi th a sampling f requency of 100 
Hz and an accuracy of 0 2 mm. The pen t i p was an o r d i n a r y bal lpoint 
ref i l l 
To eliminate forearm movements, the forearm was placed and f ixed in a 
special-purpose cuff attached to the d i g i t i z e r , which could be adjusted to 
the subject s forearm diameter. The forearm was f i x e d in such a way that 
its inner side was parallel to the vert ica l axis of the d i g i t i z e r . In order to 
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allow free movements of the hand, the ulnar side of the processus 
styloideus ulnae was jus t above the top edge of the cuff (see Figure 3 ) . 
Each task (see below) was performed in f i ve d i f fe rent levels of rotation of 
the hand ranging from adduction to abduction The horizontal displacement 
of the pen from the leftmost to the r ightmost position was about 8 cm With 
the aid of the cuf f the forearm was f ixed in such a way that the posit ion 
corresponded to the normal w r i t i ng posture of the subject. Standard qua l i ty 
A4-size w r i t i ng paper was used f i xed in a horizontal d i rec t ion , six ver t ica l 
lines had been drawn on every response sheet, 20 mm apar t , so that f i ve 
columns were formed (see Figure 4 ) . All pat terns had to be performed 
nearby the ver t ica l dotted lines m the middle of the columns The circles at 
the top of each column were used as a rough indication of the size of the 
c i rcu lar pat terns and tex t to be produced For each new pat tern the paper 
was shi f ted about 2 cm upwards while posture and arm position remained 
the same. 
2.3. Procedure 
Ad/ustment per subject. A f te r f ixat ion of the forearm, allowing f ree 
mobi l i ty of the hand, the subject was asked to produce a curved line of 
about 12 cm on the paper by moving the hand from left to r igh t and vice 
versa The middle of th is curve was taken to indicate the midposition of the 
hand. A response sheet was now brought under the hand m such a way 
that the middle of the central ( t h i r d ) column on the paper corresponded to 
the midposi t ion. Ins t ruct ions about the tasks were then given and the 
subject was allowed to exercise the task 
Experimental tasks. Al l of the fol lowing six tasks were performed from left 
to r igh t m each of the f ive columns on paper. Task 1. Wri t ing small 
near-hor izontal lines wi th a length of about 3 mm, only using movements of 
the w r i s t , not of the f inger joints The lines were wr i t ten t o -and - f r o 
wi thout rais ing the pen m a self paced p re fe r red rate Task 2. Wr i t ing 
small lines wi th a length of about 3 mm by moving only the f ingers m a 
spontaneously adopted p re fe r red near-ver t ica l d i rect ion These movements 
were also t o -and - f r o wi thout raising the pen m a self paced pre fe r red rate. 
Task 3. Wr i t i ng , as fast as possible, c i rcu la r pat terns wi th a diameter of 3 
mm on the dotted lines Task t . Wr i t ing c i rcu lar pat terns (3 mm) at a 
gradual ly increasing rate The subjects were asked to follow computer-
generated bleeps presented at an increasing rate from 1 to 10 Hz wi th in 20 
seconds (50 bleeps) In Tasks 4 and 5 the subjects were asked to attempt 
to follow pr imar i ly the bleep rate rather than to produce accurate patterns 
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log 
•ir 
gal 
laf 
bok 
Figure 5. Recorded words of subject 1 (Task 5) 
of exact ly the requi red size. Task 5. Wr i t ing c i rcu lar pat terns (3 mm) at 
a stepwise increasing rate. The presentation rate of the bleeps increased m 
8 s t e p s d , 1.41, 2 , 2 .8 , 4 , 5 6, 8 and 11 3 Hz. In each step last ing 5 12 
seconds the w r i t i ng movements were recorded. Task 6. Wr i t ing the words 
log, elf, gal, laf and bok m a normal p re fe r red way. 
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2.4. Data analysis 
At f i r s t , all recorded data were f i l te red m order to remove quant izat ion 
noise. This was done using the method described by Teul ings en Maarse 
(1984) From the data obtained m Tasks 1 and 2 the p re fe r red X' and Y' 
direct ions and frequencies were der i ved . For determining these d i rec t ions , 
the method employed by Maarse en Thomassen (1983) was used. 
Af te r calculat ing the pr inc ipal movement direct ions f rom the data of Task 
1 , the orthogonal XY coordinates were t ransformed into the appropr ia te 
oblique X 'Y ' coordinates; th is was done separately fo r each of the f i ve 
levels of hand ro ta t ion , re fe r red to as PI t h rough P5 below. The obtained 
oblique coordinates were then d i f ferent ia ted versus time using a f i ve -po in t 
f in i te-d i f ferences impulse response (see Dooijes, 1984). The X' an Y' 
velocity signals were subsequent ly d iv ided into sample records of 512 
samples, tapered wi th a 10 percent cosine window, fol lowing which a Fast 
Fourier Transform (FFT) was appl ied. From the FFT funct ions power-
spectral densi ty funct ions (PSDFs) were calculated ( fo r the data of Task 6 
averaged over all f i ve words in each column) separately fo r the X' and Y' 
veloci ty time series. The PSDFs were then smoothed wi th a rectangular 
window m order to increase re l iabi l i ty of the indiv idual spectral estimates 
(Bendat f> Piersol, 1971). The number of degrees of freedom for Tasks 2 
th rough 5 are 2x5, and fo r Task 6 they are 2x5x5. Bandwidth resolution 
before smoothing was 0.195 Hz. For each PSDF, the median f requency (MF) 
was calculated in o rder to express all PSDF information by a single value. 
The median f requency was used because estimation of peak f requency in a 
spectrum obtained wi th FFT is subjected to e r ro r . I t is assumed that the 
smoothed spectrum has only one dominant peak 
2.5 . Results 
Table 1 presents the angles of the X ' - and Y' -coordmates at each of m 
the f ive levels of rotat ion fo r the four subjects. Data are expressed wi th 
respect to the (or thogonal) X axis of the d ig i t i ze r . The angle between the 
direct ion of X and the table edge is about 25 degrees. The direct ions of Y' 
and X' decrease from left to r i gh t at approximately the same rate wi th the 
exception of Subject 2 , who performed her f i nger movements in Task 2 more 
or less independent ly from her hand rotat ion and more or less constant ly in 
the direct ion of the w r i t i n g slant. The angle between Y' and X' appears to 
be relat ively constant only fo r the subjects 1 , 3, and 4 . 
Table 2 shows the p re fe r red frequencies of the two systems The 
prefer red f requency of a system is the spontaneously adopted f requency m 
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Table 1. D i r e c t i o n s of X' and Y' subsystems in f i v e r o t a t i o n levels 
of the hand (degrees). 
Pl(left) 
Subject X1 Y' 
1 41.3 100.0 
2 29.9 82.6 
3 32.6 52.2 
4 30.0 75.6 
X 
29.0 
21.3 
18.9 
22.4 
Levels 
P2 
, γ, 
88.6 
81.7 
49.7 
58.5 
of hand rotation 
P3(middle) 
X1 Y' 
20.9 71.3 
14.8 81.2 
11.7 47.1 
14.5 54.4 
9.0 
5.8 
4.0 
7.7 
P4 
X' Y' 
67.1 
80.2 
36.5 
44.4 
P5(right) 
X' Y' 
-0.5 59.6 
3.5 72.7 
0.3 29.1 
4.6 37.3 
Table 2. Preferred frequencies X', Y' and X'Y' system (Hz) 
Levels of hand r o t a t i o n 
Left Middle Right 
Subject PI P2 P3 P4 P5 
X' system 
Task 1 (Hand) 
Y' system 
Task 2 (Fingers) 
X' system 
Task 3 (Hand) 
Y' system 
Task 3 (Fingers) 
1 
2 
3 
4 
1 
2 
3 
4 
1 
2 
3 
4 
1 
2 
3 
4 
4.214 
4.875 
4.916 
4.935 
4.427 
5.258 
4.713 
4.480 
4.702 
5.146 
4.137 
4.917 
4.701 
5.178 
4.128 
4.907 
4.317 
5.338 
5.266 
4.743 
4.176 
5.261 
4.461 
4.370 
4.569 
5.309 
4.277 
4.819 
4.586 
5.288 
4.260 
4.796 
4.314 
5.197 
4.875 
4.728 
4.122 
5.139 
4.357 
4.360 
4.576 
5.167 
4.257 
4.783 
4.534 
5.152 
4.240 
4.738 
4.419 
5.200 
5.211 
4.668 
4.123 
4.898 
4.452 
4.337 
4.590 
5.063 
4.381 
4.699 
4.558 
5.107 
4.361 
4.652 
4.393 
5.239 
5.113 
4.661 
4.112 
4.993 
4.306 
4.289 
4.635 
5.053 
4.189 
4.722 
4.605 
5.098 
4.171 
4.660 
which the system can operate at optimum speed in a relaxed manner. It can 
be seen t h a t the frequencies are again nearly independent of levels of hand 
r o t a t i o n , a n d , s u r p r i s i n g l y , that they d i f f e r only s l i g h t l y between the hand 
and the f i n g e r systems. Also f o r Task 3 (c i rc les) the p r e f e r r e d frequencies 
f o r the X' as well as f o r t he Y' system are about equal to the p r e f e r r e d 
frequencies of the separate systems (Task 1 and Task 2 ) . This holds f o r 
each of t h e f o u r subjects. 
Because the FFT-analysis of the data obtained from Task 4 leads to 
essential ly the same results as the analysis of the data from Task 5, only 
t h e data f rom the l a t t e r , more reliable task are presented here. Figure 6 
shows t h e relation between t he eight values of the i n p u t f requency (pacing 
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F igure 6. Median of o u t p u t frequencies versus pacing input frequencies f o r 
all f o u r subjects in f i v e positions of the hand f o r the Y' system. 
Data obtained from Task 5. 
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Figure 7. Coherence between pacing sine and Y' velocity for the f i v e 
rotat ion levels (Data pooled over f o u r subjects) . 
rate) and the o u t p u t f requency ( w r i t i n g rate) in Task 5. For frequencies 
lower than the p r e f e r r e d f requency the median o u t p u t f requency is s l i g h t l y 
h igher than the t a r g e t f r e q u e n c y . For pacing rates above the p r e f e r r e d 
f r e q u e n c y , the median value of the o u t p u t f r e q u e n c y is much lower than 
the i n p u t f r e q u e n c y . See Figure 6. Figure 7 presents the coherence 
between the pacing signal and the h a n d w r i t i n g o u t p u t signal of Task 6. 
Coherence is determined from the PSDFs of the pacing signal ( i n p u t ) and 
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F igure 8. Normalized averaged spectral amplitude of speed in X' d i rect ion 
( l e f t ) and Y' d i rect ion ( r i g h t ) . Data from Task 6 pooled over 
f o u r subjects and f i v e words per posi t ions. 
Table 3. Slant of words in f i v e r o t a t i o n 
l e v e l s (degrees). 
Left 
Subject PI 
1 79.1 
2 95.9 
3 89.0 
4 62.7 
Levels 
P2 
75.8 
91.3 
82.4 
56.2 
of 
M 
hand 
iddle 
P3 
72.4 
89.8 
78.1 
48.3 
rotation 
P4 
73.0 
80.9 
72.8 
44.7 
Right 
P5 
69.3 
77.6 
64.1 
39.6 
the w r i t i n g signal ( o u t p u t ) and the cross-spectral densi ty f u n c t i o n . Its 
value is high if the rat io between the amplitude and the phase d i f ference 
are constant. Coherence appears to be re lat ive ly h igh below the p r e f e r r e d 
f r e q u e n c y and v e r y low above th is f r e q u e n c y . A p p a r e n t l y , the subject can 
easily follow the set pace below the p r e f e r r e d f r e q u e n c y where the phase 
di f ference remains about constant. For frequencies around the p r e f e r r e d 
f requency the amplitude is about constant, b u t the phase is v a r y i n g . This 
leads to a decrease in the coherence around the p r e f e r r e d f r e q u e n c y . 
Table 3 presents the slant of the w r i t t e n words (Task 6) for the f i v e 
rotat ion levels of the hand. It is clear that the d i f ference between the slant 
of the w r i t t e n words is nearer to the d i rect ion of the Y' system than to the 
d irect ion of the X' system. The match, however is f a r from p e r f e c t . We 
shall come back to th is issue in the discussion. The direct ion of the Y' 
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Table 4. Power of X1 and Y' systems in the f i v e r o t a t i o n 
leve ls of the hand (Re la t i ve power) 
Subject 
X1 system 
(Hand) 
Y' system 
(Fingers) 
1 
2 
3 
4 
1 
2 
3 
4 
Leve 
Left 
PI 
31.1 
14.1 
8 2 
4.1 
12.6 
9.7 
18 8 
1.3 
1 of hand rotation 
Middle 
P2 P3 P4 
20.0 8.2 4.9 
10.8 8 9 6.5 
8.4 8 3 18.1 
3.9 3 0 2.7 
17 3 22.5 29.7 
8.5 10 7 11.1 
25.6 26 5 45.3 
2.6 2 7 3.6 
Right 
P5 
5.3 
7.6 
31.1 
0.7 
37.6 
12.6 
65.7 
1.8 
system is va ry ing f rom left to r igh t (see Table 1) . The slant also declines 
but often at a lower rate. FFT analysis of the speed m both X' and Y' 
direct ion shows that the bandwidth of the spectra varies only s l igh t l y 
across the f ive posi t ions. See Figure 8. Looking at the power spect ra , 
however, we observe an in terest ing change (see Table 4 ) . The spectra of 
X ' appears to decrease going f rom left to r i gh t whereas those of Y' increase 
to nearly the same ex tent . This implies tha t , al though the p re fe r red 
f requency of hand and f i nger movements remains approximately constant 
across the levels of hand rotation there is a tendency fo r the f ingers to 
play an increasing par t in the product ion of the wr i t i ng t race at the cost of 
the hand as this is abducted from left to r i g h t . 
3. Discussion 
The pre fe r red frequencies are only s l igh t ly affected by rotat ion of the 
hand. The obtained f igures of the p re fe r red frequencies ( in the order of 
4.5 Hz) compare well w i th the peak value in the spectrum of handwr i t ing 
found by Teuhngs en Maarse (1984) At f i r s t s igh t , i t may be su rp r i s i ng 
that the p re fe r red frequencies fo r X' and Y' d i f f e r only s l i gh t l y , because 
one would have expected that two mechanically so d i f fe ren t systems would 
have d i f fe ren t resonance frequencies as already found by McAl l ister (1900). 
One explanation is tha t there is common refractor iness of some k ind of the 
order of 220 ms. Another explanat ion, requ i r i ng a learning process of 
h igher o rde r , could be that w r i t i ng movements are made wi th in a small 
f requency range corresponding best to the i r combined mechanics. 
Consequent ly, they are well t ra ined and over learned together , which might 
generalize to the i r operat ion in isolat ion. Whatever the explanat ion, of the 
observat ion that the subsystems have the i r own p re fe r red frequencies we 
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may expect that the modal durations of movements of certain simple curved 
patterns will be more or less constant. This agrees with the findings by 
Thomassen and Teulmgs (1985) and by Viviam and Terzuolo (1980). 
The results thus indicate that the writ ing subsystems are nonlinear 
because m the output there appear new frequencies which were not offered 
at the input. These systems can be therefore be looked upon as badly 
performing 'phase locked loop' systems. Within a certain range, the input 
frequency is always followed, but outside this range synchronisation breaks 
down and responding settles on a maximum frequency of about 5 Hz. 
The fact that the output spectra of X' and Y' in varied hand rotation 
positions change strongly in opposite directions, implies that in cases of 
fixated forearm the writing from left to right is increasingly performed by 
the Y' system, or by the finger movements. This situation also arises 
during the writ ing of a word where normally the forearm is kept still It 
was observed that also in the constrained writ ing conditions of Task 6 
subjects tend to keep writing slant more constant than would be expected 
from their spontaneous finger movements under these conditions. A similar 
slant constancy was obtained by Maarse en Thomassen (1983) when they 
varied the left to right (X) progression by instructing the subjects to write 
with narrower or wider spacing. Under these conditions the constancy could 
be explained in terms of preferred Y'-directions, which, in principle, may 
remain constant under varied progression The writing slant changes m the 
present experiment, however, are considerably smaller than the orientation 
changes of the Y' system. Thus we must conclude that writing slant under 
these conditions does not follow the Y' direction. 
The implication of these results for normal writ ing is that within a word, 
when the pen is not raised, and the forearm kept st i l l , writing slant is held 
constant by an intricate interaction among the X' and Y' subsystems. This 
requires a much more complicated, and more centrally organized system than 
the mere preference of relatively simple effector systems. 
As regards the decreasing height of handwriting (between pen-lifts) m a 
word, we must conclude that the increasing role of finger movements 
towards the end of a word would not predict a decreasing vertical size, 
because this is mainly achieved by the movement amplitude. A higher order 
explanation may be that the increased force requirement due to an overall 
stiffness of hand-and-fingers is likely to trade off against linguistic 
redundancy towards the end of the word. 
Chapter 3 
MODELS OF PERIPHERAL HANDWRITING PROCESSORS 
In the previous chapter it appeared that a motor program is probably 
responsible for the behavior of peripheral biophysical handwriting 
processors. Especially the timing of the two non-orthogonal peripheral 
writing systems X' [hand rotating around the wrist) and Y' (thumb and 
fingers) was shown to be essential. In the present chapter we will 
investigate the behavior of similar orthogonal biophysical X and Y 
processors. We assume here that the processors are controlled by a motor 
program containing as parameters the moments in time and the spatial 
positions of so-called transition points. Transition points in handwriting can 
be defined on minima or maxima in velocity, points with minimum curvature, 
inflection points, and so on. Basing itself on the information in time and 
position of two successive transition points, a peripheral processor has to 
produce a writing unit or stroke as a connection between the two transition 
points. The question here is in which way a natural processor produces 
such strokes between successive transition points. 
In the present chapter we will present fourteen models of peripheral 
writing processors based on transition points as described above. Two of 
the models are defined in the spatial domain, six in the velocity domain, 
and six in the acceleration domain. This leads to specific kinds of strokes 
in each domain; they will respectively be called segments, momentum 
impulses, and force impulses. We shall regenerate handwriting on the basis 
of the transition points derived from specimens of natural handwriting from 
different subjects and investigate the behavior of the fourteen implemented 
processors by comparing each of the productions with the appropriate 
original specimen of handwriting. We expect that processors producing 
fluent signal forms between the transition points will regenerate the original 
handwriting most accurately. 
In an experiment it is shown that processors based on minima in velocity 
in X and Y direction as transition points, yield the best approximations of 
natural handwriting. Zero crossings in X and Y acceleration as transition 
points lead to relatively poor modelling results. This is partly caused by 
additional computations (integration) that are required when using transition 
points in the acceleration domain. Points of maximum curvature in the 
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spatial domain, however, generate approximately equally poor results as the 
latter ones. In general the processors with the most exact timing with 
respect to the transition points give the best results. The shape of the 
velocity and acceleration signals between the transition points are of 
secondary importance as compared to their timing. The processor with 
triangular velocity patterns yields the best results. 
It may be concluded that regeneration and generation of handwriting can 
be done adequately with the method presented here. The processors based 
on zero crossings in the velocity signals approximate natural handwriting 
most accurately. On visual inspection, the productions can be distinguished 
from the original specimens only with effort. Thus, on the basis of the 
information available in time and position of transition points, handwriting 
can be coded quite economically. 
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Models of peripheral handwriting processors1 
Frans J . Maarse and Arnold J W.M. Thomassen 
Abstract 
The s tudy of the motoric aspects of handwr i t ing invo lves, amongst o ther 
t h i ngs , the modelling of per ipheral processors which relate to the muscle-
jomt systems by which the actual handwr i t ing movements are produced and 
to the motor commands (motor programs) to these muscle-joint systems. As 
is usually assumed, the per ipheral motor commands are under the contro l of 
a h igher , more centra l motor program The present s tudy describes and 
compares four teen per ipheral models, some of which have appeared in the 
l i te ra ture A d is t inct ion is made amongst the models according to whether 
they view w r i t i ng as bu i l t up of segments (in the spatial domain), of 
momentum impulses ( in the veloci ty domain), or of force impulses ( in the 
acceleration domain). The fourteen models are all implemented in computer 
simulations, and an experiment is carr ied out to establish the extent to 
which each of them is capable of regenerat ing specimens of natural 
handwr i t i ng . The results show that natural handwr i t ing can be simulated 
most adequately by models in the veloci ty domain Compared to these, the 
spatial models and the acceleration models are less accurate Regeneration in 
the veloci ty domain requires only a single in tegra t ion , whereas regenerat ion 
m the acceleration domain requires double in tegra t ion , which is in par t 
responsible fo r the obtained di f ferences. A second cause may be the fact 
that acceleration models are more sensit ive than veloci ty models to e r ro r due 
to nonsatisfaction of the assumption of a bal l ist ic product ion mode. The 
spatial models y ie ld results that are approximately equal to or less accurate 
than those of the acceleration models. Regenerating handwr i t ing using 
spatial models resembles a form of curve f i t t i n g ra ther than the simulation 
of a real ist ic processor. From the discussion i t appears tha t the most 
accurate models of processors are compatible wi th cu r ren t notions on 
hierarchical s t ruc tu res m motor programming. 
1
 Submitted fo r pub l ica t ion. 
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1. Contemporary research 
In the area of psychomotor behavior, there is ample interest in the use of 
models in o rder to obtain ins ight m the course of the motor process and, 
more especial ly, handwr i t ing research is largely devoted to modelling the 
way m which the w r i t i ng signal is generated In a global fashion the models 
used may be classif ied into two categories, v iz , h ie rarch ica l -s t ruc tured 
algori thmic and cybernet ic models In cybernet ic models the emphasis is on 
an analog, continuous simulat ion, whereas algori thmic models pay attention 
to the d isc re te , sequential programming of a motoric (muscle- joint) system 
The cybernet ic models prov ide a descr ipt ion of per ipheral processors 
that are under the control of a motor program They are of a mathematical 
nature and they are used in order to invest igate whether it is possible to 
simulate handwr i t ing shapes rather than to reconst ruct the actual 
handwr i t ing process as accurately as possible Denier van der Con, 
T h u r m g and Strackee (1962), and Denier van der Gon and Thu r i ng (1965) 
describe an electronic handwr i t ing simulator which is based on two 
independent second-order d i f ferent ia l equations These equations represent 
unidimensional movements of the pen t ip m each of two d i rect ions, which 
correspond to the two direct ions m which two antagonist ic muscle-jomt 
systems operate The simulation employs forces which du r i ng the movement 
have a t rapezium shaped or block shaped course over time D i j ks t ra , Denier 
van de Gon, Blange, Karemaker and Kramer (1973) have implemented a 
similar model on an analog computer Vredenbreg t and Koster (1971) relate 
the i r models' dimensions to the concrete muscle systems involved m 
handwr i t i ng , the f i r s t system consist ing of the hand rotat ing in the wr is t 
(X ) and the second consist ing of cont ract ing and extending thumb and 
f ingers (Y ) It is assumed by these authors that the two systems are 
mutual ly independent and that the direct ions of the i r operation are 
orthogonal w i th respect to one another They use d r i v i n g signals that 
correspond to forces with equal amplitudes and modulated durat ions 
Hollerbach (1980), Dooijes (1983, 1984) and Plamondon and Lamarche (1986) 
use two non-or thogonal , independent movement di rect ions separated by an 
angle that may va ry between wr i ters from 30 to 90 degrees Both Hollerbach 
and Dooijes use block-shaped muscle forces m the reconstruct ion of 
handwr i t i ng (bang-bang contro l ) 
The present s tudy wil l invest igate to what extent handwr i t ing may be 
generated by means of a series of motor commands from a per ipheral motor 
program to a per iphera l processor The per iphera l motor program contains 
the discrete control signals or commands fo r the product ion of br ief wr i t i ng 
units such as an upward or downward st roke I t is assumed that processors 
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themselves are a f i r s t - o r d e r or second-order system in which f r i c t i on and 
elast ic i ty may be neglected. By writing units we shall denote small par ts of 
handwr i t ing as def ined in the spatial, in the velocity, or in the acceleration 
domain In the terminology of the present paper we shall let the concepts 
segments, momentum impulses, and force Impulses correspond to the units 
m these three domains respect ive ly . The boundaries between the w r i t i n g 
units are the so called transition points. The motor program, work ing at a 
h igher hierarchical level and being of a more global na ture , produces the 
required sequential commands fo r these segments, momentum impulses, and 
force impulses. This results m the concrete let ter shapes (a l lographs) . A 
central question m the construct ion of models of per ipheral processors is : 
What should be the shape of the control signals in o rder to achieve a 
maximally natural reconstruct ion of handwr i t i ng , in terms of its segments, 
momentum impulses and force impulses? An answer to th is question can be 
attempted as fol lows. Determine for each model of handwr i t ing the t rans i t ion 
points m a specimen of natural handwr i t ing and subst i tu te fo r each model 
appropr iate synthet ic w r i t i ng units between these t rans i t ion points , which 
results m a reconstruct ion of the or ig ina l handwr i t i ng . For each 
reconstruct ion according to a specific model, the d i f ference from the 
or ig inal handwr i t ing may now be determined in spatio-temporal respect. We 
shall re tu rn to th is m detail m Section 3 .4 . It may then be establ ished 
which models' reconstruct ion approaches the or ig inal handwr i t ing m the 
most accurate way and , t h u s , by means of which signal shapes can the 
or iginal handwr i t ing process be represented opt imal ly. 
An ent i re ly d i f fe ren t approach is to assume that the natura l ly f l ow ing , 
curved shapes of handwr i t ing or ig inate as a resul t of the limited bandwidth 
of the per ipheral muscle-joint systems It has been shown by Teulmgs and 
Maarse (1984) and Maarse, Schomaker and Thomassen (1986) tha t the 
bandwidth of a w r i t i ng signal is l imited f rom zero to about 7 Hz w i th a 
p re fe r red f requency peak at about 4 or 5 Hz. An important question is then 
whether the limited bandwidth is already present m the control signals of 
the motor program i tsel f , or whether it is due to the physical 
character ist ics of the per ipheral X' and Y' systems. F i l ter ing of a 
reproduct ion by means of a low-pass f i l t e r may simulate the l imited 
bandwidth of a per ipheral physical motor system If such f i l t e r i ng results 
in a substantial reduct ion of the di f ferences between the reproduct ions and 
the or ig inal handwr i t i ng , then th is is an indicat ion that the commands from 
the per ipheral motor program might have a discrete character and that the 
f luent movements are determined by the physical character is t ics of the 
peripheral product ion systems. This wi l l hold especially fo r those models 
wi th signal forms wi th a high bandwidth and therefore less f luency . 
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The four teen per ipheral w r i t i n g - u n i t models to be studied are described m 
the fo l lowing paragraphs in deta i l , inc lud ing the way m which they have 
been implemented. Subsequent ly , an experiment wi l l be reported in which 
handwr i t ing is regenerated according to the models, and a descr ipt ion of 
how the di f ferences from the or ig inal specimens of handwnt 'ng are 
calculated wil l fol low. These differences indicate to what extent the models 
are capable of reproducing the or ig inal handwr i t ing By f i l t e r i ng the 
four teen models' product ions and by calculat ing the distances between the 
f i l te red product ions and the o r ig ina l , indications may be obtained of the 
inf luences of a per ipheral processor wi th l imited bandwidth m the 
product ion of the ul t imate, f luent shapes of natural handwr i t ing 
2 . Peripheral writing-unit models 
2.1. Preliminary notes 
The formal descr ipt ion of the models requires the def in i t ion of a number of 
var iab les. These are given in Table 1 In the reconstruct ions a boundary 
condit ion is formed by the requirement tha t the position at the beginning 
S(tO) and at the end S ( t 2 ) , as well as the veloci ty at the beginning v(tO) 
of a w r i t i n g uni t are known. As a consequence of these opt ions, the 
t ra jector ies ( t races) of the reconstruct ions are continuous m the spatial 
domain, whereas in the veloci ty and acceleration domains discont inui t ies may 
occur Fur thermore, it is assumed that the models are bal l is t ic , that is to 
say that the appropr ia te movements are f luent and contain a minimal number 
of accelerat ions. For curs ive handwr i t ing th is implies that a specimen of 
handwr i t ing contains an equal amount of maxima and minima m the veloci ty 
domain and m the acceleration domain. In all models f r i c t ion and elast ic i ty 
have been neglected 
2.2. Spatial domain 
Spatial models are de f ined, m f i r s t instance, on the basis of features of 
handwr i t ing m the spatial domain. However, a number of parameters also 
have to be def ined m the velocity domain. An example of a spatial 
segmentation model (Model 1) is that by Morasso, Mussa Iva ld i , and 
Ruggiero. (1983), who d iv ide a specimen of handwr i t ing into segments, 
using as transition points all the minima in the absolute velocity. Between 
each pair of successive t rans i t ion points a c i rcu lar segment is assumed Of 
th is segment the size, the d i rec t ion , the durat ion and the radius of 
cu rva tu re are known. The velocity d i s t r ibu t ion is supposed to be 'bell 
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Table 1. Definition of variables used for the reconstruction of 
segments, strokes and force impulses. 
S: position 
Sx: X position 
Sy: Y position 
s: displacement. 
sx: displacement in X direction. 
sy: displacement in Y direction. 
v: absolute velocity. 
vm: maximum velocity within segment, stroke or force impulse. 
vx: velocity in X direction. 
vxm: maximum velocity within segment, stroke or force impulse. 
vy: velocity in Y direction. 
vym: maximum velocity within segment, stroke or force impulse. 
a: acceleration. 
ax: acceleration in X direction. 
ay: acceleration in Y direction. 
t : t ime. 
tO: s t a r t i n g time of a w r i t i n g u n i t . 
t l : p o i n t in t ime where the v e l o c i t y w i t h i n a stroke reaches 
i t s maximum or where a c c e l e r a t i o n reaches i t s maximum i n 
force impulse. 
t 2 : end of w r i t i n g u n i t and begin next u n i t . 
t O 1 : s t a r t i n g time of reconstructed u n i t . 
tZ': p o i n t in time at the end of a reconstructed w r i t i n g u n i t . 
shaped'. In the present paper th is shape is represented by the f u n c t i o n -J -
i cos[2Ti ( t- tO)/( t2- tO)] , where tO and t2 are the moments m time of the two 
successive t r a n s i t i o n p o i n t s . By let t ing successive segments over lap in time 
( up to 50 p e r c e n t ) , a f l u e n t course of the reconstructed w r i t i n g trace is 
generated. The top p a r t of Figure 1 presents the or ig inal of a specimen of 
h a n d w r i t i n g ; the central p a r t shows a reconstruct ion w i t h non-over lapping 
c i rcu lar segments; the bottom p a r t presents a reconstruct ion m which the 
successive segments over lap 50 percent: th is implies that d u r i n g 50 percent 
of the time two segments are in operat ion. 
The radius of the c i rc le may be found by means of the posit ions at the 
moments tO, t l and t 2 2 . t l Is the moment in time w i t h maximum velocity 
between t l and t 2 . The d i s t r i b u t i o n of velocity along the c i r c u l a r segment 
2
 From a pi lot s t u d y it appears that th is approximation yields bet ter 
results than computation by means of the formula publ ished earl ier by 
Teulmgs and Maarse (1984). 
г = v ( t l ) V [ ( v x ( t l ) . a y ( t 1 ) - v y ( t l ) . a x ( t l ) ] . 
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Figure 1. Reconstruction of a single word by means of c ircle segments 
(Morasso, Mussa Ivaldi & Ruggiero, 1983) T o p : o r i g i n a l . Center: 
reconstruct ion by means of segments wi thout over lap. Bottom: 
reconstruct ion by means of segments wi th an overlap of 50 % 
(Model 1). 
m th is model is bell shaped. If t h e r e is no over lap between successive 
segments, then the fol lowing applies f o r absolute v e l o c i t y : 
ν = 0.5 vm [ l - c o s ( u ) ] with 
u = 2 π ( t - t 0 ) / ( t 2 - t 0 ) and 
vm = [ S ( t 2 ) - S ( t 0 ) ] / ( t 2 - t 0 ) . 
With an overlap α between successive segments the init ial and f inal 
moments tO and t2 change into tO' and t 2 ' . α Is a proport ion of the 
segment's d u r a t i o n . The fol lowing formulae have been used f o r th is 
p u r p o s e : 
tO' = tO - o ( t 2 - t 0 ) , 
t 2 ' = t2 + a ( t2- t0) and 
u = 2 π ( t - t O ' V ^ ' - t O ' ) , 
vm = [ S ( t 2 ) - S ( t 0 ) ] / ( t 2 ' - t 0 ' ) . 
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A second example of a spatial segmentation model is that by Lacquani t i , 
Terzuelo and V i v i a m (1983), who d iv ide graphical pat terns into segments 
w i t h more or less constant angular ve loc i ty . For certain drawing shapes 
t h e y show that the so-called 2/3 power law holds, which implies that the 
rat io of the logarithm of the angular velocity and the logarithm of the local 
c u r v a t u r e (1/radius of c u r v a t u r e ) on a segment is constant at 2/3. For a 
segment to be regenerated completely, t h e r e f o r e , its d i r e c t i o n , its d u r a t i o n 
and its c u r v a t u r e should be known. I t appeared however that our search 
f o r segments m natural h a n d w r i t i n g wi th more or less constant angular 
velocity resulted in unrel iable t r a n s i t i o n points The segments in 
h a n d w r i t i n g between inf lect ion points, which we obtained as t r a n s i t i o n 
p o i n t s , d i d not display the same degree of constant angular velocity as was 
observed by Lacquanit i et al. in larger movements. (The size of the 
patterns which were to be t r a c e d , amongst other t h i n g s , along the 
p e r i p h e r y of a template were of an order of 10 cm) The reconstruct ion on 
th e basis of the t h u s def ined segments m a pi lot s t u d y yielded h igh ly 
unsat isfactory r e s u l t s . Also by Thomassen and Teulmgs (1985) it was shown 
that the 2/3 power law does not hold, or only holds to a l imited e x t e n t , m 
th e rapid ly a l ternat ing movements of h a n d w r i t i n g For these two reasons, 
th is model has not been considered f u r t h e r m the present paper. 
A possible f u r t h e r character isat ion of spatial segments (Model 2) which 
we would l ike to invest igate involves the div is ion of the w r i t i n g t r a j e c t o r y 
in over lapping long and short segments. The transition points of the long 
segments are the minima in the absolute velocity and those of the short 
segments are the veloci ty maxima. The long segments thus have the same 
t rans i t ion points as the segments in Model 1. Whereas m the latter model 
segments are themselves c u r v e d , in Model 2 the c u r v a t u r e of the long 
segments is b r o u g h t about by the simultaneous operation of the short 
segments and vice versa T h u s , as in the over lapping parts in Model 1 , 
always two segments are in operat ion, v i z . , a long and a short segment 
(see Figure 2) The velocity d i s t r i b u t i o n over segments is supposed to be 
bell shaped as in Model 1 
Typical f o r the spatial models descr ibed here is that they are , ιη 
p r i n c i p l e , independent of a coordinate system Every command must contain 
information about the moment in t ime, the l e n g t h , and the d irect ion of the 
p e r t a i n i n g segment On the basis of th is information the peripheral motor 
system autonomously computes the movements in an XY system 
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Figure 2. Reconstruction of a single word by means of long (dashed lines) 
and short (dot ted lines) segments (Model 2) T o p . o r i g i n a l . 
Bottom: reconstruct ion 
2.3. The velocity domain 
The transition points of momentum impulses m the velocity domain are 
obtained on the basis of zero crossings, positive minima, and negative 
maxima in the velocities f o r the X and Y d irect ions (see Stelmach & 
T e u l m g s , 1983; Maarse, T e u l m g s ε Bouwhuisen, 1985) In these models, 
th e velocity between the t r a n s i t i o n points follows a preset funct ion which is 
d i f f e r e n t f o r each model, the f u n c t i o n may be t r i a n g u l a r , block, sinus or 
bell shaped For accurate d e f i n i t i o n s , see Table 2. Moreover, these 
velocity d i s t r i b u t i o n s may also be made asymmetrical by le t t ing the moment 
of maximum velocity of the momentum impulse coincide w i t h , f o r example, 
th e moment of maximum veloci ty m the or ig ina l h a n d w r i t i n g w h i c h , m 
p r i n c i p l e , is d i f f e r e n t f rom the midpoint between the ini t ia l and f ina l 
moment. Momentum impulses def ined according to the lat ter rules appear to 
be h igh ly suitable f o r regenerat ing and generat ing h a n d w r i t i n g (Maarse, 
Thomassen & T e u l m g s , 1985). In these veloci ty models, a basic assumption 
is the existence of two independent simultaneously operat ing orthogonal X 
and Y systems. Because f o r each of these systems the same mathematical 
models a p p l y , t ransformat ion to non-orthogonal subject-dependent systems 
X' and Y' m o r d e r to match the direct ions of the two antagonist ic muscle-
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Table 2 Formulae for velocity functions For Y the same formulas can 
be used Displacement can be found by integration of vx and the 
initial condition S(tO) 
Model 3 
Model 4 
Model 5 
vx(t) = vxm (t-tO)/(tl-tO) tO < t < (t0+t2)/2 
vx(t) = -vxm (t-t2)/(t2-tl) (t0+t2)/2 < t < t2 
with vxm = 2 [s(t2)-S(tO)]/(t2-tO) 
vx(t) = vxm (t-tO)/(tl-tO) 
vx(t) = -vxm (t-t2)/(t2-tl) 
with vxm = 2 [S(t2)-S(t0)]/(t2-t0) 
vx(t) = 0 
vx(t) = vxm 
vx(t) = 0 
to < t < tl 
tl < t < t2 
to < t < to1 
to' < t < tz1 
tZ' < t < t2 
with vxm = vx(tl) 
10'= (t2+t0)/2 - 0 5 [S(t2)-S(t0)]/vx(tl) 
12'= (t2+t0)/2 + 0 5 [S(t2)-S(t0)]/vx(tl) 
Model 6 vx(t) = 0 5 vxm [l-cos(u)] tO' < t < tl 
vx(t) = 0 5 vxm [l+cos(u)] tl < t < t2l 
with tZ^tO' = [S(t2)-S(t0)]/v(tl) 
u = it (t-tO)/(tl-tO) tO' < t < tl 
u = π (t-t2)/(t2-tl) tl < t < tZ' 
tO' = tl - 0 5 (tZ'-tO1) 
t2, = tl + 0 5 (t2 ,-t0 ,) 
Model 7 vx(t) = vxm sin(u) 
with vxm = π [S(t2)-S(t0)]/[2 (t2-t0)] 
u = π (t-tO)/(t2-tO) 
Model 8 vx(t) = vxm sin(u) tO < t < tl 
with vxm = ir [S(t2)-S(t0)]/[2 (t2-t0)] 
u = π (t-t0)/[2 (tl-tO)] 
vx(t) = vxm cos(u) tl < t < t2 
with vxm = π [S(t2)-S(t0)]/[2 (t2-t0)] 
u = ir (t-tl)/[2 (t2-tl)] 
vx velocity in X direction 
vxm maximum velocity in X direction 
t time 
tO starting time of writing unit 
tl point in time where the velocity reaches its maximum 
t2 point in time at the end of a writing unit 
tO' starting time of reconstructed unit 
t2' point in time at the end of a reconstructed unit 
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Figure 3. Displacement, velocity, and acceleration of the momentum-impulse 
Models 3 through 8. 
joint systems used by the individual subject during writ ing is not necessary 
for the reconstruction of handwriting. Since these are linear systems, any 
required transformation may be realised at any time in order to arrive at 
the ultimate production of handwriting. The X direction used in the present 
investigation coincides with the horizontal movement from left to right, 
parallel to the lineation on the writing page; the Y direction is orthogonal 
to the X direction. 
Table 2 presents the formulae used for the velocity distributions. 
Figure 3 represents, for each of the velocity models, the trajectories and 
the accelerations, corresponding to the appropriate velocity distributions. 
From the formulae the trajectory may be calculated by integration, given 
the position S(tO); by differentiation, the acceleration distribution may be 
obtained. A triangular approach implies splitting up the velocity distribution 
into two linear parts. This approach is easy to achieve. In the f i rst 
approximation (Model 3) the top of the triangle is always in the temporal 
midpoint between the zero crossings in velocity (momentum impulse 
boundaries). An asymmetrical triangular shape (Model 4) takes asymmetrical 
momentum impulses into account by letting the top of the triangle coincide 
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with the moment in time of the maximum veloci ty m the or ig inal 
handwr i t ing The block-shaped veloci ty d i s t r ibu t ion is not meaningful 
because this would requ i re forces wi th Dirac- impulse shapes which m 
physical ly ex is t ing systems, such as those used in handwr i t i ng , cannot 
occur It might at best prov ide a model fo r handwr i t ing that is completely 
uncontrol led In Model 5 a block shape is adopted, m which the height of 
the block corresponds to the maximum veloci ty v ( t l ) Model 6 has a be l l -
shaped veloci ty d i s t r i b u t i o n , the maximum of which also equals the maximum 
velocity v ( t l ) . Such a veloci ty d is t r ibu t ion is known to occur m rapid 
movements from a s ta r t ing point to a specif ic ta rget (see Kelso, 1982) The 
sinus-shaped symmetrical and asymmetrical d is t r ibu t ions (Models 7 and 8) 
s t rongly resemble the veloci ty d is t r ibu t ions that are general ly observed in 
normal handwr i t i ng , which is the reason why they were included m the 
present s tudy . 
2 .4 . The acceleration domain 
The t h i r d manner to segment handwr i t ing ties up wi th the control signals 
that are also used m the cybernet ic models descr ibed above In general 
these control signals are chosen on the basis of the shapes of the assumed 
force impulses The transition points f o r these models are the zero 
crossings m acceleration m X and Y direct ions Zero crossings coincide 
wi th the maxima m ve loc i ty . This implies that the momentum impulses ( in 
the veloci ty domain) and the force impulses ( in the acceleration domain) 
have a phase d i f ference in time The shape of the force impulses in the 
d i f ferent models m the l i te ra ture is either tha t of a trapezium (Denier van 
der Gon, T h u r i n g , & Strackee, 1962, MacDonald, 1966), or that of a block 
(Denier van der Gon, 1962, Denier van der Gon t T h u r i n g , 1965; 
Hol lerbach, 1980, Dooijes, 1984) In these models (which have been adopted 
here as Model 9 and Model 11 , respect ively) force is in operation du r i ng the 
ent i re force impulse Vredenbreg t and Koster (1971), m cont rast , used 
block-shaped force impulses wi th constant ampl i tude, whose durat ion was 
proport ional to the assumed total effect of the force impulse (Model 10) A 
problem wi th the lat ter reconstruct ion is at which moments exact ly the 
d r i v i ng commands s ta r t : At the beginning of the segment, m the middle or 
at its end We opted for force impulses in the middle between the two 
moments of two successive t rans i t ion points . This choice was induced by 
the results of a pi lot s tudy from which it appeared that the best results are 
obtained wi th th is locat ion. Recordings made by Wadman (1979) of rapid arm 
movements made from a s ta r t ing point to a target indicate that sinus shaped 
forces are applied which lead to bel l -shaped velocit ies (Model 13). Other 
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Table 3. Formulae for X-acceleration functions. For Y the same formulas 
can be used, vx can be found by integration of χ and the initial 
velocity vx(0) and sx by integration of vx and the initial 
condition st(0). 
Model 9. 
Model 10. 
Model 11. 
Model 12. 
Model 13. 
Model 14. 
ax(t) = a (t-tO)/b 
ax(t) = a 
ax(t) = -a (t-t2)/b 
with: a = 2 [S(t2)-S(t0)-v(t0)(t2-t0)]/ 
[b (t2-t0) + (t2-t0)(t2-t0)] 
b = (t2-t0)/4 
ax(t) = 0. tO 
ax(t) = a tOb 
ax(t) = 0. t2b 
with: a = constant ( 1.5 m/s 2) 
tZ'-tO^ 2 [S(t2)-S(tO)-v(tO)(t2-tO)]/ 
[a (t2-t0)] 
tOb = (t2-tl)/2 - (tZ'-tO^/Z 
t2b = (t2-t0)/2 + (tZ'-to^/Z 
to 
tO+b 
t 2 - b 
< 
< 
< 
t 
t 
t 
< 
< 
< 
tO-i 
t2-
t2 
•b 
•b 
tOb 
t2b 
t2 
ax(t) = a 
with a = 2 [S(t2)-S(t0)-v(t0)(t2-t0)]/ 
[t2-t0)(t2-t0)] 
tO < t < t2 
tO < t < t2 ax(t) = al sin(u) 
with: u = τ (t-tO)/ (t2-t0) 
al = [S(t2)-S(t0)-v(t0)(t2-t0)]/bl 
Ы = [4 {(tl-tO)(tl-tO) + ((tl-t0)(t2-tl)+ 
(t2-tl)(t2-tl))/ii}/it] 
ax(t) = a2 (t-tO)/(tl-tO) 
ax(t) = -a2 (t-t2)/(t2-tl) 
wi th : 
ax(t) 
ax(t) 
a2 
b2 = 
to < 
(t0+t2)/2 < 
t < (t0+t2)/2 
t < t2 
'S(t2)-S(t0)-v(t0)(t2-t0)]/b2 
•{(tl-t0)(t2-tl)+2 (t2-tl)(t2-tl)/3+ 
ι tl-tO)(tl-tO)/3}/2] 
= al sin(u) + 
a2 (t-tO)(tl-tO) 
= al sin(u) -
a2 (t-t2)(t2-tl) 
tO < t < (t0+t2)/2 
(t0+t2)/2 < t < t2 
With: al = [S(t2)-S(t0)-v(tO)(t2-t0)]/ 
[(Ы+Ь2)/2] 
a2 = al 
Ы = .. (See Model 12) 
Ь2 = .. (See Model 13) 
u = π (t-tl)/(t2-tl) 
u = π (t-tO)/(tl-tO) 
tl 
to 
t2 
tl 
ax: 
a: 
t: 
to 
tl 
t2 
to' 
tZ' 
acceleration in X direction 
maximum acceleration 
time 
starting time of writing unit 
point in time where the velocity reaches its maximum 
point in time at the end of a writing unit 
starting time of reconstructed unit 
point in time at the end of a reconstructed unit 
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Figure 4. Displacement, ve loc i ty , and acceleration of acceleration Models 9 
th rough 14. 
forms of force impulses fo r a model of handwr i t ing are the t r iangu la r shape 
(Model 12), which has the advantage of being easy to achieve from the 
standpoint of signal technology, and the (hal f ) sinus shape (Model 13; 
Schmidt, 1982a). According to Thomassen and Teulmgs (1985), a 
combination of the two lat ter shapes would be the most real ist ic one and 
therefore i t has been adopted as Model 14*. Also m the acceleration 
models, independent X and Y direct ions are used. In Figure 4 for each of 
the d i f fe ren t acceleration models the appropr ia te t ra jector ies and velocities 
have been presented, whereas Table 3 provides a concise overview of the 
formulae invo lved . 
2 .5 . Some comments on the agreements and differences between the three 
types of models. 
For all the models of the per ipheral processors, the requirement holds tha t , 
once the command fo r the execution of a uni t has been g i ven , feedback 
3
 Personal discussion wi th Thomassen and Teu lmgs . March 1986. 
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does not play any role. The unit is executed m a bal l ist ic fashion in a 
predetermined manner which is f ixed by the choice of a certain model When 
comparing the three categories of reconstruct ions one must be aware of the 
fact that the wr i t i ng units based on strokes m the veloci ty domain have 
been shi f ted in relation to the force impulses m the acceleration domain. A 
stroke begins and ends approximately in the middle of a force impulse; and 
reverse ly , the boundaries of a force impulse approximately coincide wi th the 
middle of two successive strokes The boundaries of the segments in the 
spatial models pract ical ly coincide wi th the boundaries of the Y strokes in 
the veloci ty domain, because the extrema m absolute veloci ty are mainly 
determined by the Y veloci ty The three categories of models have in 
common that steer ing requires a sequence of un i t commands, where these 
units are segments, s t rokes, or force impulses. These uni t commands are 
generated, as has been indicated above, by a per iphera l motor program, in 
which each un i t command contains information on size, t iming and direct ion 
(Schmidt, 1982b) The models in the spatial domain assume a relat ively 
complex per ipheral XY system with an appropr ia te per ipheral motor program 
rather than two independent X and Y systems which are assumed for 
momentum impulses and force impulses in the veloci ty and acceleration 
models and which involve two independent motor programs for X and Y. 
At f i r s t s igh t , the spatial and veloci ty models studied are of a f i r s t 
order and the acceleration models are of a second order A comparison m 
terms of o rder , however, is only meaningful if the order of the input is 
also taken into account (MacDonald, 1966) Plamondon and Maarse ( in 
p r e p . ) def ine the order of w r i t i ng models as the order of a theoret ical 
system wi th a step funct ion as input and wi th f inal handwr i t ing in the 
spatial domain as output If the input is a ramp func t i on , a trapezium or a 
t r iangu la r shape, then the order should be increased by one In a case of 
a sinus or bell shape as i npu t , the order should be increased by two The 
order calculated in th is fashion for each of the systems studied in the 
present paper may be found m Table 4 (Section 3 4 .1 . ) 
3. Experiment 
In the experiment to be reported below, reconstruct ions are made of 
handwr i t ing samples of subjects, using the four teen models described 
above. Differences between these reconstruct ions and the or ig inal samples 
are calculated m order to invest igate by means of which model(s) natural 
handwr i t ing can be reconstructed most accurately Fur thermore, all 
reconstruct ions have been f i l te red in o rder to decide on the possible role of 
l imited bandwidth of the processors involved m handwr i t i ng . 
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Figure 5. H a n d w r i t i n g specimens of the f o u r subjects From each subject 
two lines are represented, together making up the ent i re t e x t to 
be copied. 
J . /. Sub/ects 
Four subjects were selected f o r t h e i r d i f f e r e n t h a n d w r i t i n g s . Selection 
c r i t e r i a were, amongst o t h e r s , degree of pract ice and slant of h a n d w r i t i n g . 
Subject 1 (male, 50 years of age) and Subject 2 (male, 47 years of age) 
both have s l a n t i n g , f l u e n t h a n d w r i t i n g . Subject 3 (female, 25 years of age, 
student) has a more f o r m a l , s lant ing h a n d w r i t i n g , and Subject 4 (female, 24 
years of age, s t u d e n t ) uses block l e t t e r s . Al l subjects were n g h t h a n d e d . 
3.2. Apparatus 
Recording of the h a n d w r i t i n g samples was done on a Calcomp 9240 XY-
tablet , connected to a PDP-11/45 computer. This performed the 
determination of the X and Y coordinates of the pen t i p on the XY-tablet 
wi th a sampling f r e q u e n c y of 105 2 Hz. The resolv ing power of the XY-
tablet is 0 025 mm. The p e n , which was developed m the laboratory, allows 
recording of the axial w r i t i n g pressure (Z) of the p e n ; its range is from 0 
to 10 23 N w i t h a resolv ing power of 0 01 N. The pen is equipped w i t h a 
normal bal l-point r e f i l l . The w r i t i n g models have been simulated on a 
VAX-11/750 computer wi th a v ideo-graphics display and a p lot ter attached 
to i t 
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3.3. Recording 
The subjects were requi red to copy, m t h e i r normal h a n d w r i t i n g , a t e x t 
containing seventy w o r d s , p r i n t e d across eight lines Figure 5 represents 
e ight l ines, two from each subject T o g e t h e r , the e ight lines present the 
t e x t copied by each of the subjects Prel iminary to the actual exper iment, 
the subject was given the o p p o r t u n i t y to pract ice and to become acquainted 
wi th the apparatus The w r i t t e n t e x t (See Maarse, Schomaker, & T e u h n g s , 
1986) was recorded and stored in an external memory of the PDP-11/45 and 
then it was t r a n s m i t t e d to the VAX-11/750 which performed the data 
processing 
ЗЛ. Data-processing 
3.4.1. Preprocessing and reconstruction 
The recorded data were at f i r s t f i l t e r e d , using a low-pass FIR f i l t e r 
(Rabmer, fc Gold, 1975) w i t h a c u t - o f f f r e q u e n c y of 10 Hz and an 
attenuation of approximately 40 dB above 30 Hz Subsequently, the ent i re 
handwr i t ten t e x t of each subject was segmented in spatial segments, 
momentum impulses and f o r c e impulses By means of these temporal data, 
f o r each subject fourteen reconstruct ions were made of the ent i re t e x t 
according to the fourteen models descr ibed above m section 2 The word 
bomen, w r i t t e n by Subject 3 and r e c o n s t r u c t e d according to the four teen 
models, is given m Figure 6 by way of i l lust rat ion 
The spatial models caused a re lat ive ly large amount of problems m 
programming T h u s , in the model by Morasso et al (1983) (Model 1) the 
overlap (50 o) had to be adjusted m an in teract ive mode In this model the 
velocity d i s t r i b u t i o n has been chosen according to the bell shape def ined 
above, a n d , m o r d e r to compute the c u r v a t u r e of a segment, an in teract ive 
mode was adopted (see also Section 2) For the model with the short and 
long segments (Model 2) i t applies t h a t the long and short segments are not 
ent i re ly independent They are not orthogonal w i t h respect to one another 
and they may locally compensate or re inforce one another Programming of 
the velocity models caused relat ively few problems Only where t h e r e is the 
possibi l i ty of an over lap between successive s t r o k e s , local deformations may 
arise This is p a r t i c u l a r l y the case m the bell-shaped strokes (Model 6) 
which may exceed the s t roke boundaries that were or ig inal ly o b t a i n e d , 
because given a certa in choice of the height of the bell shape, its d u r a t i o n 
may exceed that of the or ig ina l s troke 
In the acceleration models over lap problems arose in the force impulses, 
according to the model by V r e d e n b r e g t and Koster (1971) (Model 11) Only 
Original 
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Figure 6 Or ig inal and fourteen reconstruct ions of the word bomen wr i t ten 
by subject 4 . 
the model in which the force impulse is located in the middle between the 
t ransi t ion points , produces a sat isfactory reconstruct ion of natural 
handwr i t ing y ie ld ing results comparable to those of the other models. Table 
4 provides a br ie f comparative overview of the simulated models that are 
considered m the present s tudy . The table also indicates how many 
parameters are requi red for the coding of a w r i t i n g uni t and how many 
wr i t i ng units are requ i red for the product ion of a closed el l ipse-shaped 
pa t te rn . Moreover, the table indicates the order of each of the models, 
s tar t ing f rom the assumption of a step funct ion as input and the wr i t i ng 
signal as output in the spatial domain (see Plamondon & Maarse, m p r e p . ) . 
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Table 4. Specifications of the models. Units/ellips gives the number of 
units for constructing a ellips-shaped pattern. Eff gives the 
number of required parameters per segment, stroke or force 
impulse. 
Domain Model Order Units/ellips Eff Parameters and shape. 
1 3 2 4 Length, curvature, 
direction, tO. 
Shape trajectory: circle segment. 
Spatial 
2 
3 
4 
5 
Velocity 
6 
7 
8 
3 
2 
2 
1 
3 
3 
3 
4 
4 
4 
4 
4 
4 
4 
2 
2 
3 
3 
4 
2 
3 
Shape velocity: bell-shaped. 
Length, tO. 
Shape velocity: bell-shaped. 
Length, tO. 
Shape: Triangle symmetrical. 
Length, tO, tl. 
Shape: triangle asymmetrical. 
Length, tO, v(tl). 
Shape: Block. 
Length, tO, tl, v(tl). 
Shape: bell-shaped. 
Length, tO. 
Shape: sinus 
Length, tO, tl. 
Shape: sinus asymmetrical. 
9 3 4 2 Length, tO. 
Shape: trapezium (turn over points 
on 1/4 and 3/4 of whole impulse). 
10 2 4 2 Length, tO. a = 1.5 m/s2. 
Shape: block in the middle 
between zero crossings. 
4 2 Length, tO. 
Shape: block. 
4 2 Length, tO. 
Shape: triangle. 
4 2 Length, tO. 
Shape: sinus. 
4 2 Length, tO. 
Shape: triangle + sinus. 
Accele-
ration 
11 
12 
13 
14 
2 
3 
4 
4 
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Reconstructed Original 
Opp - \ S(WT[2(e2b2+ в г с г + Ьас г) - (в4+Ь4+с4) ] 
F igure 7. Calculation of absolute distance Ds between f ict ious or ig ina l and a 
reconstructed st roke of h a n d w r i t i n g 
3.4.2. Calculating distances 
The distances between t h e or iginal specimen of h a n d w r i t i n g and t h e i r 
reconstruct ions in the spat ia l , the ve loc i ty , and the acceleration domain 
have been calculated by means of a program DISTANS. The program 
calculates f o r each stroke the surface between the or ig inal w r i t i n g trace and 
the synthet ic w r i t i n g t r a c e , f o r which calculation the s t a r t i n g points of t h e 
or ig inal strokes and of the reconstructed strokes are superimposed This is 
done m o r d e r to avoid accumulation of e r r o r in the calculat ion. The surface 
between the two curves (see Figure 7) may be computed by calculat ing the 
surface of each t r i a n g l e m the f i g u r e and by summing over all t r i a n g l e s . 
The surface Opp of an a r b i t r a r y t r i a n g l e w i t h sides a, b, and с is: 
Opp = [ 2 ( а 2 Ь 2 * а 2 с 2 + Ь 2 с 2 ) - ( а ' - Ь - с * ) ] * / ^ 
The total surface Ds gives a spatial deviat ion of the per ta in ing stroke or 
segment. A relat ive measure Dsr is obtained by d i v i d i n g the total surface 
Ds by the square of the length of the stroke or the segment. Dtr is a 
similar relat ive measure, based on the absolute distances at the same 
moments in t ime. In the velocity domain an average f o r the absolute velocity 
d i f ference Dv was calculated. Da is the average of the absolute 
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acceleration d i f ference in the acceleration domain. By d i v i d i n g Dv and Da 
by the mean absolute velocity and mean absolute acceleration respect ively, 
the relat ive measures Dvr and Dar are o b t a i n e d . 
3Λ.3. Simulation of bandwidth limitations of peripheral systems 
For all models, moreover, the distance was also calculated subsequent to a 
f i l t e r i n g procedure wi th a low-pass FIR f i l t e r (Rabmer & Gold, 1975) The 
pass band is from 0 to 5 Hz followed by a t r a n s i t i o n band from 5 to 15 Hz, 
w i t h frequencies above 15 Hz e n t i r e l y suppressed. The purpose of the 
present f i l t e r i n g p r o c e d u r e , as has been explained above, is to simulate the 
possible f i l t e r i n g features of the X and Y systems 
ЗА.Ц. Data analysis 
By means of analysis of var iance (SAS program ANOVA) the effects of the 
var ious models (Models), and f i l t e r i n g (Filter) on the computed distances 
Dsr and Dtr in the spatial domain, on Dvr in the velocity domain, and on 
Dar m the acceleration domain, are invest igated I f , f o r instance, t h e r e 
¡s a s ign i f icant main effect of Models then it may be assumed that the 
var ious models can be ordered on the basis of increasing values of Dsr. 
Pr inc ipa l ly , the same holds fo r the effect of Models on Dtr, Dvr, and Dar, 
respect ive ly . 
3 .5 . Results 
When comparing the results of the models in the spatial and veloci ty 
domains wi th the models in the acceleration domain, one should take into 
account the fact that comparison inaccuracies wi l l occur m the acceleration 
models which are solely due to an ext ra in tegra t ion . The computed values 
fo r Dsr, Dtr, Dvr, and Dar are presented m Table 5, 6, 7 and 8 From 
the results of the analysis of variance (see Table 9) i t appears that Models 
has a s ign i f icant effect on the computed values of Dsr, Dtr, Dvr, but Dar. 
In Table 10 the models are ordered on the basis of increasing values of 
Dsr . The o rder ing on the basis of Dtr, Dvr or Dar would be roughly the 
same. F i l ter ing has no s igni f icant effect on Dsr , and Dtr, and a s igni f icant 
effect on Dv r and Dar. Or , in other words , f i l t e r i ng has no s igni f icant 
effect m the spatial domain bu t , m con t ras t , a s igni f icant effect m the 
veloci ty domain as well as in the acceleration domain. 
The asymmetrical veloci ty Models 4 , 6 and 8 approximate the or ig ina l 
handwr i t ing accurately in the spatial as well as in the ve loc i ty , and the 
acceleration domain. The symmetrical veloci ty Models 3 (isosceles t r iang le) 
and 7 (symmetrical sinus) are adequate approximat ions, as is acceleration 
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Table 5. Relative distance Dsr between original and reconstruction. Without 
and with filtering. 
Subject 
Y-stroke (mm) 
Model/shape 
1. С i re. segment 
2. Long short segments 
3. Triangle sym. velocity 
4. Triangle asym. velocity 
5. Block-shaped velocity 
6. Bell-shaped velocity 
7. Sinus sym. velocity 
8. Sinus asym. velocity 
9. Trapezium forces 
10. Block forces 
11. Block forces (Dooijes) 
12. Triangle forces 
13. Sinus forces 
14. Mixed (12+13) 
No 
1 
3.8 
% 
5.0 
7.3 
3.1 
1.9 
4.6 
3.1 
3.4 
2.6 
5.1 
5.8 
4.7 
6.0 
5.5 
5.7 
filtei 
2 
3.5 
% 
4.8 
7.3 
3.0 
2.2 
4.2 
3.8 
3.2 
2.5 
6.1 
10.1 
4.4 
7.2 
6.6 
6.8 
ring 
3 
1.4 
% 
5.6 
9.5 
6.1 
4.7 
6.0 
4.8 
6.7 
5.7 
5.3 
6.8 
5.7 
6.0 
5.6 
5.7 
4 
4.1 
% 
5.3 
8.1 
3.6 
2.9 
5.0 
3.5 
3.7 
3.2 
7.2 
12.3 
5.2 
8.2 
7.6 
7.9 
Wi 
1 
3.9 
% 
4.5 
6.9 
2.8 
1.9 
3.7 
3.1 
3.0 
2.3 
4.9 
5.6 
4.7 
5.3 
5.0 
5.1 
th filtering 
2 
3.5 
% 
4.5 
7.6 
3.6 
2.9 
4.3 
4.2 
3.8 
3.2 
5.7 
9.0 
4.5 
6.5 
6.0 
6.2 
3 
1.4 
% 
7.9 
13.2 
4.2 
2.9 
4.9 
3.4 
4.9 
3.9 
5.9 
8.9 
7.1 
6.7 
6.2 
6.3 
4 
4.0 
% 
5.1 
7.9 
3.5 
2.7 
4.3 
3.5 
3.6 
3.0 
6.8 
11.1 
5.2 
7.7 
7.2 
7.4 
Table 6. Relative distance Dtr between original and reconstructed 
handwriting. Four subjects. Without and with filtering. 
Subject 
Y-stroke (mm) 
Model/shape 
1. Ci re. segment 
2. Long short segments 
3. Triangle sym. velocity 
4. Triangle asym. velocity 
5. Block-shaped velocity 
6. Bell-shaped velocity 
7. Sinus sym. velocity 
8. Sinus asym. velocity 
9. Trapezium forces 
10. Block forces 
11. Block forces (Dooijes) 
12. Triangle forces 
13. Sinus forces 
14. Mixed (12+13) 
No 
1 
3.8 
% 
10.4 
20.5 
6.5 
5.1 
8.4 
5.7 
6.4 
5.2 
15.9 
14.9 
10.7 
18.9 
17.3 
17.9 
fiItering 
2 
3.5 
% 
9.9 
19.6 
6.4 
4.8 
8.2 
6.0 
6.6 
5.3 
16.6 
26.3 
10.4 
19.7 
18.0 
18.8 
3 
1.4 
% 
11.9 
19.5 
6.9 
5.3 
8.5 
6.7 
7.3 
5.9 
16.1 
26.9 
10.6 
18.8 
17.3 
18.0 
4 
4.1 
% 
16.0 
24.1 
16.0 
14.3 
17.4 
13.8 
16.2 
15.1 
18.7 
20.8 
16.7 
20.7 
19.6 
20.1 
W 
1 
3.9 
% 
9.5 
19.9 
5.9 
4.8 
7.7 
5.5 
5.4 
4.5 
15.3 
14.1 
10.3 
17.6 
16.3 
16.8 
ith fi 
2 
3.5 
% 
9.7 
19.4 
6.9 
5.2 
8.8 
6.1 
7.0 
5.7 
16.1 
24.7 
10.3 
18.8 
17.3 
17.9 
Itering 
3 
1.4 
% 
11.8 
23.2 
6.8 
6.0 
6.8 
5.7 
10.9 
6.0 
17.2 
23.6 
13.4 
19.6 
18.3 
18.9 
4 
4.0 
% 
11.3 
19.0 
6.4 
4.8 
8.0 
6.4 
6.7 
5.4 
15.7 
25.6 
10.2 
18.1 
16.8 
17.3 
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Table 7. Relative distance for velocity Dvr between original and 
reconstructed handwriting. Dvr = Dv/avg.velocity. Four subjects. 
Without and with filtering. 
Subject 
Y-stroke (mm) 
Model/shape 
1. Ci re. segment 
2. Long short segments 
3. Triangle sym. velocity 
4. Triangle asym. velocity 
5. Block-shaped velocity 
6. Bell-shaped velocity 
7. Sinus sym. velocity 
8. Sinus asym. velocity 
9. Trapezium forces 
10. Block forces 
11. Block forces (Dooijes) 
12. Triangle forces 
13. Sinus forces 
14. Mixed (12+13) 
No 
1 
3.8 
% 
25.4 
42.1 
17.6 
14.6 
21.3 
13.9 
16.9 
14.5 
32.6 
34.1 
29.9 
33.9 
33.1 
33.4 
filtering 
2 
3.5 
% 
23.6 
42.6 
18.2 
13.4 
23.3 
13.6 
18.3 
15.0 
29.6 
41.0 
26.7 
31.4 
30.2 
30.6 
3 
1.4 
% 
28.0 
40.8 
19.6 
15.9 
23.1 
14.1 
20.5 
17.9 
28.1 
45.5 
24.7 
30.7 
29.1 
29.8 
4 
4.1 
% 
25.4 
38.2 
19.7 
16.8 
25.1 
16.7 
19.2 
17.3 
27.8 
31.1 
25.3 
29.7 
28.6 
29.0 
W 
1 
3.9 
% 
ZZA 
43.9 
13.2 
11.3 
14.7 
12.7 
13.0 
11.6 
28.6 
29.9 
26.1 
30.7 
29.4 
30.0 
ith fi 
2 
3.5 
% 
21.7 
42.1 
18.8 
14.4 
21.5 
14.7 
19.0 
15.7 
27.9 
38.6 
25.1 
30.2 
28.8 
29.4 
Iterin 
3 
1.4 
% 
21.4 
37.7 
16.9 
15.4 
21.0 
17.5 
17.1 
15.9 
25.5 
29.2 
22.9 
28.0 
26.6 
27.2 
g 
4 
4.0 
% 
25.3 
39.6 
16.9 
13.1 
17.1 
12.8 
17.7 
14.9 
25.5 
41.3 
21.9 
28.2 
26.7 
27.3 
Table 8: Relative distance for acceleration Dar between original and 
reconstructed handwriting. Dar = Da/avg.acceleration. Four subjects. 
Without and with filtering. 
Subject 
Y-stroke (mm) 
Model/shape 
1. Circ. segment 
2. Long short segments 
3. Triangle sym. velocity 
4. Triangle asym. velocity 
5. Block-shaped velocity 
6. Bell-shaped velocity 
7. Sinus sym. velocity 
8. Sinus asym. velocity 
9. Trapezium forces 
10. Block forces 
11. Block forces (Dooijes) 
12. Triangle forces 
13. Sinus forces 
14. Mixed (12+13) 
No 
1 
3.8 
% 
59.0 
90.0 
56.7 
• 49.8 
142.5 
41.9 
50.6 
46.3 
91.2 
100.1 
89.5 
92.0 
91.4 
91.5 
filtering 
2 
3.5 
% 
65.1 
85.3 
69.5 
56.6 
145.3 
49.3 
64.7 
56.9 
84.9 
109.9 
81.3 
88.5 
85.8 
86.3 
3 
1.4 
% 
77.3 
95.0 
78.0 
72.3 
158.9 
61.0 
74.1 
71.1 
92.2 
129.6 
87.5 
96.0 
93.5 
95.0 
4 
4.1 
% 
84.9 
90.9 
99.8 
83.4 
207.3 
75.8 
90.9 
81.0 
100.0 
110.8 
96.4 
102.1 
100.4 
101.2 
W 
1 
3.9 
% 
48.7 
90.9 
40.0 
36.5 
42.6 
39.4 
39.8 
36.7 
79.1 
82.1 
78.0 
79.9 
79.4 
79.7 
ith fi 
2 
3.5 
% 
54.7 
83.2 
67.4 
58.5 
72.7 
57.5 
66.0 
59.4 
71.5 
81.1 
69.5 
74.5 
72.2 
73.1 
Iterin 
3 
1.4 
% 
54.0 
83.9 
77.4 
72.1 
88.7 
77.4 
75.5 
71.9 
75.8 
79.5 
75.3 
76.6 
76.2 
76.4 
g 
4 
4.0 
% 
72.5 
91.2 
68.3 
62.8 
69.4 
61.5 
69.7 
64.6 
78.7 
95.6 
75.5 
80.9 
80.7 
81.5 
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Table 9. Results of analysis of variance (SAS program ANOVA) for all four­
teen models across all computed distances, and separated for Dsr, 
Dtr, Dvr and Dar. 
Variable Source Error term Degrees of F value Pr > F 
freedom 
Distance Model Model*Subject 13 37.64 0.0001 
Filter Filter*Subject 1 24.23 0.0001 
Distance Distance*Subject 3 273.20 0.0001 
Filter*Model Filter*Model*Subject 13 10.73 0.0001 
Filter*Distance Filter*Distance*Subject 3 30.44 0.0001 
Model*Distance Model*Distance*Subject 39 17.30 0.0001 
Dsr 
Dtr 
Dvr 
Dar 
Model 
Filter 
Model 
Filter 
Model 
Filter 
Model 
Filter 
Model«Subject 
Filter*Subject 
Model*Subject 
Filter*Subject 
Model»Subject 
Filter*Subject 
Model*Subject 
Filter*Subject 
13 
1 
13 
1 
13 
1 
13 
1 
14.72 
1.20 
45.99 
1.58 
81.42 
11.49 
20.18 
33.30 
0.0001 
0.3539 
0.0001 
0.2980 
0.0001 
0.0428 
0.0001 
0.0103 
Table 10. Average scores of Dsr, Dtr, Dvr and Dar of the fourteen models in 
the no filtering and the with filtering condition. The models are 
ordered on values of Dsr in the no filtering condition. 
Sco 
Mod 
4. 
8. 
6. 
3. 
7. 
5. 
11. 
1. 
9. 
12. 
13. 
14. 
2. 
10. 
res 
el/shape 
Triangle asym. velocity 
Sinus asym. velocity 
Bell-shaped velocity 
Triangle sym. velocity 
Sinus sym. velocity 
Block-shaped velocity 
Block forces (Dooijes) 
Circ. segment 
Trapezium forces 
Triangle forces 
Sinus forces 
Mixed (12+13) 
Long short segments 
Block forces 
No 
Dsr 
% 
2.9 
3.5 
3.8 
4.0 
4.3 
5.0 
5.0 
5.2 
5.9 
6.9 
6.3 
6.5 
8.1 
8.8 
fi Ite 
Dtr 
% 
7.4 
7.9 
8.1 
9.0 
9.1 
10.6 
12.1 
12.1 
16.8 
19.5 
18.1 
18.7 
20.9 
22.2 
ring 
Dvr 
% 
15.2 
16.2 
14.6 
18.8 
18.7 
23.2 
26.6 
25.6 
29.5 
31.4 
30.3 
30.7 
40.9 
37.9 
Dar 
% 
65.5 
63.8 
57.0 
76.0 
70.1 
163.5 
88.7 
71.6 
92.1 
94.7 
92.8 
93.5 
90.3 
112.6 
With fi 
Dsr 
% 
2.6 
3.1 
3.6 
3.5 
3.8 
4.3 
5.4 
5.5 
5.8 
6.6 
6.1 
6.2 
8.9 
8.6 
Dtr 
% 
5.2 
5.4 
5.9 
6.5 
7.5 
7.8 
11.1 
8.1 
16.1 
18.5 
17.2 
17.7 
20.4 
22.0 
Iteri η 
Dvr 
% 
13.6 
14.5 
14.4 
16.5 
16.7 
18.6 
24.0 
22.6 
26.9 
29.3 
27.9 
28.5 
40.8 
34.8 
9 
Dar 
% 
57.5 
58.2 
59.0 
63.3 
62.8 
68.4 
74.6 
57.5 
76.3 
78.0 
77.1 
77.7 
87.3 
84.6 
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Model 11 (Dooijes, 1983) The veloci ty Models 4 , 6 and 8 requi re th ree 
parameters per momentum impulse whereas the remaining three veloci ty 
Models 3, 5 and 7 requ i re only two parameters per momentum impulse. 
Asymmetrical velocity models y ie ld a bet ter approximation than symmetrical 
models- Obviously the t h i r d parameter provides a considerable con t r ibu t ion . 
Among the spatial models. Model 2 appears to behave poorly It is the 
least sat isfactory one of all studied models m most respects As regards its 
f i t . Model 1 is comparable to the symmetrical veloci ty models and to the 
acceleration Model 11 . In general , however, the results m the spatial 
domain stay behind (see Figure 5 ) . 
The resul t of f i l t e r i ng is only substant ial in those models that are based 
upon signal shapes wi th l i t t le rounding of f . As could be expected, th is 
applies specif ical ly to the block-shaped veloci ty Model 5. As resul t of 
f i l t e r i n g , the results of th is model are comparable to those of the other 
symmetrical veloci ty models. In the acceleration domain i t appears that the 
shape of the force impulses is m pr inc ip le of l i t t le importance, wi th the 
exception of Model 10. In the acceleration models the zero crossings in 
acceleration have remained in tact , except fo r Model 10 By adopt ing a 
constant fo rce , the beginn ing of a force impulse does not coincide wi th the 
t rans i t ion po in ts , as resul t of which t iming is d is tu rbed This effect cannot 
be restored by f i l t e r i n g . 
The products of the acceleration models have local sizes which exceed 
those of the veloci ty models This is c lear ly v is ib le in Figure 6, and it is 
also ref lected by the computed distances (see Tables 5, 6, 7, and 8 ) . This 
large di f ference is caused by a certain degree of overshoot which is also 
obvious m Figure 3 The reconstructed w r i t i ng t race does pass th rough the 
t rans i t ion points , but as resul t of an erroneous t iming of forces, the 
veloci ty in these t rans i t ion points is h igher than m the or ig inal 
handwr i t ing Only Model 11 presents a favourable exception here. It may 
be concluded that the t iming of the force impulses is essential and tha t a 
change m time introduces addit ional e r r o r . 
<i. Discussion 
Our f i nd ing that the veloci ty models y ie ld the most sat isfactory results m 
the spatial domain as well as in the veloci ty and m the acceleration domains 
is notewor thy . One might indeed expect tha t the acceleration models would 
yield the best results m the acceleration domain That they do not do so 
may in par t be due to the fact that the handwr i t ing samples of the subjects 
were not completely sat is fy ing the assumption of bal l ist ic product ion This 
causes negative maxima and posit ive minima in accelerat ion, ref lect ing the 
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fact that adjustments were made dur ing the product ion of a s t roke. These 
adjustments have increased the number of force impulses by 10 to 35 
percent , depending on the subject. A second cause of the poor results of 
the acceleration models is that an extra integrat ion is requi red m order to 
compute the t ra jec to ry . Integrat ion star ts f rom a given in i t ia l ve loc i ty , 
whereas it is not checked whether the f inal veloci ty is cor rec t . This causes 
er ro rs in the computed t ra jectory If also the f inal veloci ty were accounted 
for in the integrat ion computat ion, the e r ro r might have been reduced, as 
has been done by Dooijes (1984) The expectat ion is tha t the e r ro r m Dvr 
could be reduced by a factor two As a resu l t , the e r ro r in Dsr and D i r 
may also be reduced. The qual i ty of the acceleration models may be as a 
consequence become comparable to that of the symmetrical veloci ty models. 
The asymmetric velocity models yield bet ter results than the symmetric 
veloci ty models The question arises whether th is is caused by a systematic 
asymmetry of the veloci ty prof i les of momentum impulses, as are often found 
m t r iphas ic rapid movements (Sher idan, 1984, Wadman, 1979). In the f i r s t 
phase of a t r iphas ic movement there is an ini t ia l bu rs t of agonist ac t iv i ty 
wi th antagonist m rest . In the second phase there is antagonist ac t iv i ty 
while agonist ac t i v i t y is rapid ly reduced In the t h i r d and f inal phase there 
is a resumption of agonist ac t iv i ty This sequence of phases is often 
responsible fo r asymmetric veloci ty prof i les. The point m time wi th maximum 
veloci ty occurs before halftime of the movement. From computations on the 
recorded handwr i t ing data, it appears tha t on average asymmetry m X as 
well as in Y veloci ty prof i les may be neglected On an average st roke time 
of about 90 ms, the average asymmetry is less then i 2 ms fo r all four 
subjects. In contrast w i th rap id- t r iphas ic arm movements no systematic 
asymmetry m handwr i t ing momentum impulses has been found . The 
standard deviat ion of the asymmetry is about 10 ms. T h u s , the individual 
momentum impulses are more or less asymmetric, which of course causes the 
bet ter results of the asymmetric-momentum impulse models in reconstruct ions 
of handwr i t ing The asymmetry is caused problab ly by context effects 
(coart iculat ion) between successive d i f fe ren t momentum impulses There is 
no evidence concerning t r iphasic or biphasic features of handwr i t ing 
momentum impulses, which should lead to a systematic maximum veloci ty in 
the f i r s t half of the movement. 
I t is also clear tha t simulation of handwr i t ing according to the models in 
the spatial domain, considered here, y ie ld poorer results than those in the 
veloci ty domain. They are capable of p rov id ing a reasonable approximation 
in the spatial domain, but in temporal respect t he i r approximation obviously 
lags beh ind . The spatial models only take spatial features into account and 
they have l i t t le to say about the dynamic features of handwr i t i ng . As a 
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consequence t h e y are more similar to c u r v e - f i t t i n g techniques than to 
psychomotor modell ing The fact that the models consist ing of two 
independent systems f o r X and Y, operat ing independent ly and in paral le l , 
y ie ld b e t t e r results than the spatial models, m which X and Y d irect ions 
are combined, lends support to the notion that я motor program for 
h a n d w r i t i n g , similar to that f o r speech (see Fowler, 1980; Shaffer, 1985), 
involves an interp lay of several independent systems wi th t h e i r own 
independent, albeit mutual ly a t t u n e d , motor p r o g r a m , and not a single 
program f o r a complex XY system. Indeed, the spatial models may be 
regarded to be situated at a h ierarchical ly h igher level in which as yet no 
d is t inct ion is made between separate X and Y systems, whose parameters 
s t i l l have t o be adjusted 
This does not refute the f i n d i n g s , such as those by Teuhngs, 
Thomassen and Van Galen (1986), that the spatial s t r u c t u r e of h a n d w r i t i n g 
is more constant than its temporal s t r u c t u r e and t h a t , d u r i n g h a n d w r i t i n g , 
spatial relat ionships are given higher p r i o r i t y Indeed, m certain teaching 
methods the emphasis is on achieving spatial targets (Fant ina, 1981). The 
results of the present invest igat ion do not have a bear ing on th is issue 
because they are based on t rans i t ion p o i n t s . By the locations and the 
moments in time of the t rans i t ion points, the spatial targets are already 
f i x e d . They are set at a h ierarchical ly h igher level. The models described 
here, only determine the course of the movement between the t r a n s i t i o n 
p o i n t s , and th is movement is apparent ly descr ibed less well by spatial 
models than by velocity models. 
It appears f rom our results that when generat ing and regenerat ing 
h a n d w r i t i n g , the choice of using momentum impulses as def ined in the 
ve loci ty domain (see Thomassen Ь Schomaker, 1986), is j u s t i f i e d . Our 
present s t u d y shows that th is technique is easy to implement and yields 
adequate r e s u l t s . A problem here is , however, t h e i r psychomotor 
i n t e r p r e t a t i o n A momentum impulse in bal l ist ic h a n d w r i t i n g is bounded by 
two zero crossings in velocity or by two extremes in the acceleration The 
momentum-impulse boundaries are t h e r e f o r e located more or less m the 
middle of two force impulses. The def in i t ion of momentum impulses, indeed, 
is only meaningful in a succession of cont ingent momentum impulses, and 
t h e r e f o r e it is only applicable in c u r s i v e h a n d w r i t i n g . In th is approach, 
consequent ly , isolated momentum impulses are not real ist ic 
The fact t h a t f i l t e r i n g the o u t p u t of the block-shaped velocity model 
(Model 5) yields a clearcut improvement in the veloci ty and the acceleration 
domain, implies t h a t a motor program may, in p r i n c i p l e , have a discrete 
c h a r a c t e r , and t h a t the shape of the commands is of less importance. The 
f i l t e r i n g procedure adopted here was selected on the basis of the results 
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obtained by Teulmgs and Maarse (1984). By adapting the fi l tering 
procedure to the physical properties of the individual writer, the present 
results might even be improved. Moreover, the selection of the fi l ter 
properties might m principle be differentiated between X' and Y' systems, 
although from earlier research by Maarse, Schomaker and Thomassen (1986) 
it appears that in handwriting the bandwidth of the X' and the Y' signals 
are barely different Another conclusion is, that the timing of the commands 
is of essential importance The latter is clear, e .g . , from the fi l tering 
results of the asymmetrical velocity models Filtering in these models is 
hardly, or not at all, effective. 
The results of the present study are compatible with insights m motor 
programs which have been described implicitly by Schmidt (1982), and more 
explicitly by Van Galen and Teulmgs (1983) and by Hulstijn and Van Galen 
(1983) The latter authors make a tripartit ion in the hierarchical motor 
program structure. The global motor program is retrieved from long-term 
motor memory, subsequently, parameters such as size and timing are set, 
and finally, in the last stage, the program is translated into concrete 
muscle commands, and is executed. The peripheral models described above 
have a bearing on the latter stage of the motor programming sequence 
sketched here, and on the systems by which handwriting is ultimately 
produced. The present study shows that the final peripheral part of a 
motor program structure is realistic. 
In our research it has been assumed that the process source is of a 
peripheral nature, and that it operates autonomously at the lowest level. 
This should imply that the operation of these processors is invariant under 
variation of global parameters such as size and slant. Or in other words, 
the error between the original handwriting and the reproduced one should 
be constant From a recent study (see Chapter 4) it has appeared that, 
indeed, for practically all models the latter assumption is correct 
(exceptions are Models 2 and 10). 

Chapter <ί 
MODELS FOR THE GENERATION OF WRITING UNITS IN HANDWRITING 
UNDER VARIATION OF SIZE, SLANT, AND ORIENTATION 
In Chapter 2 it appeared that a motor program is responsible for timing and 
spatial features in handwriting. In Chapter 3, these features were modelled 
in the form of transition points set in a motor program. When testing a 
series of models it appeared that, in most cases, peripheral handwriting 
processors are capable of regenerating handwriting that is exclusively based 
on these transition points. The assumption was made that the peripheral 
processors make an autonomous contribution to the handwriting signal, 
which is independent of form and scale values dictated by psychomotor 
processors at a higher level in the hierarchy. In the present chapter we 
will again perform the simulations, but now base them on several different 
inputs per writer and investigate to what extent the fourteen processors 
indeed work autonomously, that is, produce invariant modelling results of 
handwriting, irrespective of size, slant, and orientation. The different 
inputs are obtained by asking subjects to write normally in two different 
sizes (large and smalli, in two different slants (more slanted and less 
slanted), and in two orientations (upward slope and downward slope of the 
base line). The question is to what extent the processors yield the same 
modelling results under variation of the global parameters. 
We tested the assumption that the processors described in Chapter 3 are 
insensitive to variation of global handwriting shape parameters since they 
are peripheral and as such merely obey central commands. If the results 
are not different from the modelling results obtained earlier from the 
handwriting of the same writers it may be concluded that these assumptions 
have been verified. We expect that the models with the best results in the 
previous study are again the best models. 
The results of the present experiment indeed show a high degree of 
invariance of the behavior of those processors that approximated natural 
handwriting most accurately in the previous experiment. They appear to 
operate in the same way when the global parameters size, slant, and 
orientation are varied. The relatively good models, as found in the previous 
study, again yield the best results. Two modelled processors are more or 
less sensitive to variations in the global parameters and should be 
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considered as rather poor peripheral processors for the reconstruction of 
handwriting. 
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Models for the generation of writing units ¡n handwriting 
under variation of size, slant, and orientation1 
Frans J . Maarse, Gerard P. van Galen and Arnold J.W M. Thomassen 
Abstract 
This s tudy presents empirical data concerning the psychological va l id i t y of 
fourteen d i f f e ren t , computational models fo r the product ion of w r i t i n g 
strokes in handwr i t ing An earl ier s tudy reviewed the mathematical 
propert ies of several publ ished models and of some f u r t h e r models developed 
by the authors In the present s tudy these four teen models were compared 
with regard to the c r i te r ion that global parameters, such as size, s lant , 
and or ientat ion of the handwr i t i ng , should not affect the f i t between the 
simulated w r i t i ng t race and the specimens of natural handwr i t ing Th is 
predict ion was based upon a character is t ic of a psychomotor model of 
handwr i t ing , developed by one of the au thors , which assumes that global 
parameters are set by independent and hierarchical ly h igher processors 
than the more per iphera l , b iophysical - force generators that produce the 
par t icu lar concrete s t roke t ra jector ies The resul ts show tha t those models 
that produce a close f i t to natural handwr i t ing m a standard cond i t ion , 
yield the best f i t s under var iat ion of size, s lant, and or ien ta t ion . Al l 
models with consistent resul ts appear to have in common, that the t iming of 
the t ransi t ion points remains unaffected by global parameter se t t ings . 
7. Introduction 
The simulation of handwr i t ing by formal models has been attempted fo r more 
than twenty years Denier van der Gon, T h u r m g and Strackee (1962), and 
MacDonald (1966) simulated the product ion of graphic pa t te rns , represent ing 
d i f ferent let ters of the alphabet by the t iming of the acceleration and 
deceleration of two orthogonal motor systems, the f i r s t responsible fo r 
excursions of the w r i t i n g t race parallel to the w r i t i n g l ine (X a x i s ) , and 
the second responsible fo r the excursions orthogonal to the f i r s t ones (Y 
axis) Assuming tha t the relat ive dura t ion of the acceleration and 
deceleration phase was constant . Denier van der Gon et al. (1962) showed 
that phase di f ferences between the X and Y excursions and shi f ts m these 
1
 Submitted fo r publ icat ion 
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phase dif ferences were suf f ic ient information f o r a model to produce the 
var ious letters of the alphabet. The ind iv idua l 's ty le ' or 'appearance' of a 
let ter or a set of let ters produced by such a model is determined, 
depending on the model's assumptions, by the development of the forces 
that produce the consecutive strokes of the w r i t i n g pat tern together wi th a 
noise parameter. The lat ter is assumed to be an indiv idual t r a i t of the 
w r i t e r Even in the early days of the simulation studies, d i f f e r e n t 
assumptions r e g a r d i n g the s t r o k e - p r o d u c t i o n process were considered 
Denier van der Gon et al. (1962) and Dooijes (1984) assume force 
development to be block shaped, whereas Denier van der Gon and T h u n n g 
(1965), and MacDonald (1966) postulated t h a t the forces for acceleration and 
deceleration of the p e n , d u r i n g a s t r o k e , were trapezium shaped The 
r e s u l t i n g w r i t i n g patterns obtained by e i ther model, do not d i f f e r m 
appearance from those of natural h a n d w r i t i n g (see Figure 1) 
The s t u d y of h a n d w r i t i n g by means of formal models has made 
considerable progress since these early studies ( see Thomassen, Keuss & 
Van Galen, 1984) In p a r t , the research has concentrated upon the 
def in i t ion and empirical val idation of the features of processors required to 
simulate the t ranslat ion of semantic and/or phonemic representations into 
graphemic and al lographic codes (El l is, 1982), and subsequently into the 
retr ieva l of motor programs allowing execution m d i f f e r e n t sizes and slants 
and m var ious c o n t e x t s , and f i n a l l y , into the selection of the most 
a p p r o p r i a t e muscle systems m a p a r t i c u l a r task situation (Van Galen & 
T e u l m g s , 1983; Van Galen, Meulenbroek Ь Hylkema, 1986). In p a r t , recent 
research has also been d i rected specif ical ly at the output aspects of 
h a n d w r i t i n g . Indeed, many models have been devised to simulate the 
ult imate product ion of strokes after the w r i t i n g pat tern has been selected. 
Maarse and Thomassen (m prep ) reviewed fourteen of such h a n d w r i t i n g 
models. Al l of these assume that the temporal s t r u c t u r e of the t r a n s i t i o n 
p o i n t s , which define the boundaries of consecutive strokes of the w r i t i n g 
t r a c e , is already act ivated at the moment of s t roke i n i t i a t i o n . The models 
d i f f e r w i t h respect to t h e i r def in i t ion of the concept of t ransi t ion points and 
w i t h r e g a r d to t h e i r assumptions about the construct ion of a stroke between 
two successive t r a n s i t i o n points. One example is the model of Hollerbach 
(1980). Hollerbach elaborated on the or ig ina l notion held by Denier van der 
Gon et al. (1962) that letter forms or ig inate from phase di f ferences 
between orthogonal e x c u r s o r s . But Hollerbach made d i f f e r e n t assumptions 
about t h e i r force development. In his osci l latory model, forces are assumed 
to be sinus shaped or block shaped. In Table 1 an overview is presented 
of the fourteen models that Maarse and Thomassen (m prep ) implemented 
and invest igated as to t h e i r capabi l i ty to match natural h a n d w r i t i n g . Each 
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Figure 1. Reconstruction of handwriting Top- Original with X and Y 
accelerations. Bottom: Block-shaped accelerations (Dooiies, 
1983). 
processor produces a stroke between so-called successive transition points. 
In general, a stroke or writing unit is a small part of handwriting 
performed in 100 to 200 ms with a length of 1 to 4 mm. In the spatial 
domain, transition points are defined as points of maximum and minimum 
curvature, or as points with minimum and maximum absolute velocity, 
respectively (Models 1 and 2). In the velocity domain, transition points are 
defined as points in time with minimum absolute velocity in the X direction, 
as well as m the Y direction (Models 3 through 9). In Models 3 and 4, 
moreover, the moment in time of the maximum velocity between the two 
transition points is used as additional information. In the acceleration 
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Table 1. A brief overview of the studied models for handwriting processors. 
Model Transition points Short description Shape of writing unit 
number definition between transition points 
1 Minima in absolute Circular segment Bell-shaped velocity 
velocity 
2 Minima in absolute Long linear Bell-shaped velocity 
velocity segment 
Maxima in absolute Short linear Bell-shaped velocity 
velocity segment 
3 Symmetrical triangle velocity 
4 Asymmetrical triangle velocity 
5 Minima 1n absolute Momentum impulse Block-shaped velocity 
X and Y velocity for X and Y 
6 Bell shape 
7 Sinus shape (0.,π) 
8 Asymmetrical sinus 
9 Trapezium shape 
10 Block shape, constant amplidute 
11 Block shape 
12 Maxima in absolute Linear force impulse Tr iangle shape 
X and Y v e l o c i t y f o r X and Y 
13 Sinus shape ( 0 , τι) 
14 Tr iangle + sinus shape 
domain, the transition points are def ined as points m time wi th maximum 
absolute X velocity, as well as Y velocity (Models 10 t h r o u g h 14). Maarse 
and Thomassen tested these fourteen models wi th regard to the spatial 
distance of a specimen of h a n d w r i t i n g , simulated by each of the models, 
from the o r i g i n a l , natura l sample It appeared that f rom these models, those 
def ined in the veloci ty domain, and the accelerat ion-defined model of Dooijes 
(1983), produced h a n d w r i t i n g with the smallest spatial distance from the 
or ig inal specimens of natural h a n d w r i t i n g . 
An obvious drawback of th is test ing procedure is t h a t , essent ial ly, the 
test is post hoc. The i n p u t , which is used to determine the t rans i t ion 
points that represent the s t roke boundar ies, is also used as a reference to 
evaluate the simulated h a n d w r i t i n g produced by each of the product ion 
Models under var iat ion of size, s lant, and or ientat ion 69 
models We would have a s t ronger test if the f i t of a specif ic model would 
appear to be be insensi t ive to variat ions in typical overal l parameters such 
as size, s lant, and or ientat ion of the wr i t i ng Psychomotor theories of 
handwr i t ing often assume (El l is , 1982, Van Galen & Teu lmgs , 1983, 
Margol in, 1984) tha+ h igher -o rder processors, l ike a motor program 
involv ing a specific le t ter fo rm, are independent of the allocation of a 
specific overal l force level to the output system by which the size of tha t 
let ter is determined, l ikewise, the force/s ize processor is assumed to be 
independent of the specif ic muscular system that is used Following these 
theoretical l ines, var iat ions in the set t ing of íhe parameters of one of these 
independent processors should not affect the work ing of the other 
processors For example, var iat ions of the ins t ruc ted overal l size of 
handwr i t ing should not affect the development of the acceleration and 
deceleration features of separate strokes The aim of the experiment to be 
reported here, is to test each of the above-mentioned four teen models of 
the realisation of separate strokes wi th regard to the c r i te r ion tha t the f i t 
of a reconstructed w r i t i ng trace to natural handwr i t ing would not change 
under variat ions of ins t ruc ted w r i t i ng size, s lant , and or ientat ion 
2. Experiment 
2.1. Sub/ects 
Four subjects, three male and one female wi th d i f fe ren t handwr i t ing s ty les , 
took part m the experiment The f i r s t two (FJM and HHY) had a connected 
curs ive sty le of w r i t i ng The t h i r d (JSC) used italic le t te rs , and the f ou r th 
(RVP) had a connected curs ive style which was, however, relat ively small 
and i r regu lar The subjects were students or research staff at the 
Department of Experimental Psychology 
2 2. Apparatus 
For the record ing of the handwr i t ing data, was made use of a Calcomp 9240 
XY tablet control led by a PDP-11/45 computer By means of the XY tablet 
the X and Y coordinates of the pen point were sampled at a f requency of 
105 2 Hz The resolv ing power of the XY tablet is 0 025 mm The pressure 
(Z) along the axis of the pen was recorded wi th a miniature load cell in the 
sty lus (Maarse, Janssen & Dexel, m prep ) The range of Ζ is from 0 to 
10 23 N w i t h a resolv ing power of of 0 01 N The pen has an o r d i n a r y 
bal lpoint ref i l l Subsequent to t h e i r r e c o r d i n g , the data were transmitted 
to a VAX-11/750 computer f o r data processing and analysis 
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Figure 2. Seven h a n d w r i t i n g product ions of subject JSC From top to 
bottom normal, large, small, more s lanted, less slanted, upwards 
and downwards 
2.3. Writing tasks 
The subjects were asked to copy seven times the Dutch phrase Negenmaal 
schri/ven in Nijmegen under the fol lowing condit ions (1) normal, (2) small, 
(3) large, (4) more s lanted, (5) less s lanted, these tasks were w r i t t e n on 
horizontal l ines; f u r t h e r m o r e the subjects were also i n s t r u c t e d to w r i t e (6) 
on a l ine wi th a slope of 6 degrees upwards and (7) on a line wi th a slope 
of 6 degrees downwards Each task was performed on a separate sheet, 
f i x e d at the same place on the XY tab let . F igure 2 presents the products of 
the seven w r i t i n g tasks by subject JSC. The experimenter saw to it t h a t 
th e w r i t i n g posture of the subject was the same in all condit ions. This is 
especially of importance in the condit ions 6 and 7. The order of the 
condit ions was always from 1 to 7 Before a p r o d u c t i o n was recorded, the 
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subject was always asked to pract ise the next t r i a l unt i l he or she was able 
to perform the task f l u e n t l y . 
2.4. Data processing and data analysis 
F i r s t l y , the recorded data were f i l t e r e d in o r d e r to remove quant izat ion 
noise. The low-pass F I R - f i l t e r (see Rabiner Ь Gold, 1975) used f o r th is 
purpose has a c u t - o f f f r e q u e n c y of 10 Hz, and an attenuation of more than 
40 dB above 30 Hz. Secondly, the requi red t r a n s i t i o n points were d e r i v e d 
in the spat ia l , in the velocity and in the acceleration domains f o r segments, 
momentum impulses and force impulses respect ively (see Maarse & 
Thomassen, in p r e p . ) . With the aid of these t r a n s i t i o n p o i n t s , 
reconstruct ions were made according to each of the processor models under 
invest igat ion (see Table 1 ) . F igure 3 prov ides an example of the f o u r t e e n 
reproduct ions of the word Nijmegen w r i t t e n under condit ion 1 (normal 
w r i t i n g ) by subject FJM. From all reconstruct ions the relat ive distance Dsr 
between the reproduct ions and the or ig ina l were calculated. Dsr is the 
ratio between the total spatial e r r o r f o r all Y-momentum impulses and the 
sum of the squared lengths of all Y-momentum impulses. Y-momentum 
impulses were chosen as reference because they are f a r more typ ica l f o r 
h a n d w r i t i n g than X-momentum impulses. From an ear l ier pi lot s t u d y it 
appeared that calculations based on spatial segments y ie ld approximately the 
same results as calculations based on Y-momentum impulses. The value of 
Dsr is a measure f o r the q u a l i t y of a r e p r o d u c t i o n . 
In the study by Maarse and Thomassen ( in p r e p . ) i t appeared t h a t 
models def ined in the velocity domain, especially those w i t h asymmetric 
momentum impulses, y i e l d the best results in the reconstruct ion of or ig ina l 
samples of h a n d w r i t i n g . The present s t u d y is based upon the assumption 
that real ist ic models of the biophysical process of s t r o k e product ion the 
computed values of Dsr may not be affected by var iat ion of global 
parameters such as size, s lant , and o r i e n t a t i o n . The f i r s t test of the 
present s t u d y , t h e r e f o r e , is whether the best models f o u n d in the prev ious 
s t u d y by Maarse and Thomassen reproduce t h e i r re lat ive ly low values of 
Dsr, and secondly, whether t h e i r Dsr values are unaffected b y var iat ions 
of the global parameters size, s lant, and o r i e n t a t i o n . O r , in other w o r d s , 
whether t h e y are models of autonomous per iphera l processors. 
Average values of Dsr, across subjects, over the seven global 
performance condit ions (C/ocon) were computed f o r the var ious models 
{Models). By means of analysis of var iance (SAS program ANOVA) we 
v e r i f i e d to what e x t e n t Dsr is affected by t h e two main factors Models and 
Clocon and t h e i r i n t e r a c t i o n . 
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Figure 3. Fourteen reconstructions of the word Nijmegen, written under the 
'normal' condition by one subject. 
2.5. Results 
The main results of the four subjects are presented in Tables 2, 3, 4, and 
5, respectively. The average values of the scores of all Models across 
subjects and over Clocon performance conditions are presented m Table 6. 
The results of the various models are ordered according to increasing 
scores of average Dsr values for the normal writing condition. For the 
normal writing condition, and averaged over subjects, the lowest Dsr, 
implying the best ' f i t ' , is scored by Model 4, the model which assumes that 
strokes are produced by triangular asymmetric momentum impulses in the 
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Table 2. Relat ive distances between 
handwri t ing of subject FJM 
Normal 
Y-stroke length (mm) 6.1 
Model/Shape % 
1. Circle segments 4.4 
2. Long, short segments 7.8 
3. Triangle sym. velocity 3.0 
4. Triangle asym. velocity 1.9 
5. Pulse-shaped velocity 3.9 
6. Bell-shaped velocity 2.5 
7. Sinus sym. velocity 3.0 
8. Sinus asym. velocity 2.1 
9. Trapezium forces 4.4 
10. Pulse forces 5.1 
11. Pulse forces (Dooijes) 3.9 
12. Triangle forces 5.4 
13. Sinus forces 4.8 
14. Mixed (12+13) 5.0 
Table 3. Relative distances between 
handwriting of subject HHY 
Normal 
Y-stroke length (mm) 
Model/Shape 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
Circle segments 
Long, short segments 
Triangle sym. velocity 
Triangle asym. velocity 
Pulse-shaped velocity 
Bell-shaped velocity 
Sinus sym. velocity 
Sinus asym. velocity 
Trapezium forces 
Pulse forces 
Pulse forces (Dooijes) 
Triangle forces 
Sinus forces 
Mixed (12+13) 
4.7 
% 
3.6 
6.2 
3.0 
2.1 
4.2 
2.8 
3.1 
2.5 
4.2 
5.8 
3.5 
4.8 
4.4 
4.6 
original and reconstructions of 
Condition 
Large Small More Less Slope Slope 
8.3 
% 
3.5 
6.0 
2.1 
1.6 
3.3 
2.3 
2.1 
1.8 
4.0 
4.2 
3.1 
4.9 
4.4 
4.6 
3.3 
% 
3.9 
6.1 
2.7 
2.0 
4.0 
2.8 
2.8 
2.4 
4.0 
6.1 
3.3 
4.5 
4.2 
4.3 
slanted 
4.5 
% 
3.4 
5.6 
2.3 
1.7 
3.1 
3.0 
2.4 
1.8 
4.0 
4.5 
3.3 
4.5 
4.2 
4.3 
slanted 
4.4 
% 
5.5 
8.3 
3.3 
2.1 
3.6 
2.9 
3.5 
2.6 
4.6 
5.5 
4.5 
5.1 
4.8 
4.9 
up 
4.8 
% 
4.3 
7.0 
2.3 
1.7 
3.4 
2.9 
2.4 
2.1 
4.4 
6.2 
4.0 
4.8 
4.6 
4.7 
down 
4.3 
% 
4.6 
7.1 
3.3 
2.0 
4.7 
2.7 
3.4 
2.3 
4.0 
5.5 
4.1 
4.6 
4.2 
4.3 
original and reconstructions of 
Condition 
Large Small More Less Slope Slope 
6.3 
% 
4.0 
7.3 
3.2 
2.0 
4.5 
2.9 
3.4 
2.5 
5.0 
6.3 
4.8 
5.7 
5.3 
5.5 
3.5 
% 
3.5 
6.6 
3.2 
2.2 
4.7 
3.0 
3.5 
2.8 
5.9 
8.4 
4.4 
6.8 
6.3 
6.6 
slanted 
4.5 
% 
3.3 
5.9 
2.7 
2.1 
4.4 
2.6 
3.0 
2.3 
3.8 
5.4 
2.9 
4.7 
4.2 
4.4 
slanted 
3.2 
% 
4.6 
9.3 
3.1 
2.1 
4.5 
3.1 
3.5 
2.7 
5.8 
9.1 
3.9 
7.1 
6.4 
6.7 
up 
4.3 
% 
3.9 
7.5 
3.0 
2.2 
4.4 
3.0 
3.3 
2.6 
6.0 
8.0 
5.0 
6.8 
6.4 
6.6 
down 
4.7 
% 
3.7 
7.4 
3.1 
2.1 
4.3 
2.9 
3.3 
2.7 
5.1 
7.4 
3.9 
6.2 
5.5 
5.8 
74 Chapter 4 
Table 4. Relative distances between 
handwriting of subject JSC 
Normal 
Y-stroke length (mm) 2.7 
Model/Shape % 
1. Circle segments 9.0 
2. Long, short segments 12.0 
3. Triangle sym. velocity 4.6 
4. Triangle asym. velocity 3.4 
5. Pulse-shaped velocity 5.4 
6. Bell-shaped velocity 3.9 
7. Sinus sym. velocity 5.1 
8. Sinus asym. velocity 4.2 
9. Trapezium forces 6.6 
10. Pulseforces 9.8 
11. Pulse forces (Dooljes) 7.2 
12. Triangle forces 7.6 
13. Sinus forces 6.9 
14. Mixed (12+13) 7.2 
Table 5. Relative distances between 
handwriting of subject RVP 
Normal 
Y-stroke length (mm) 2.1 
Model/Shape % 
1. Circle segments 8.7 
2. Long, short segments 13.4 
3. Triangle sym. velocity 4.1 
4. Triangle asym. velocity 2.6 
5. Pulse-shaped velocity 4.6 
6. Bell-shaped velocity 4.2 
7. Sinus sym. velocity 4.4 
8. Sinus asym. velocity 3.4 
9. Trapezium forces 6.3 
10. Pulse forces 9.3 
11. Pulse forces (Dooijes) 6.0 
12. Triangle forces 7.1 
13. Sinus forces 6.7 
14. Mixed (12+13) 6.8 
original and reconstructions of 
Condition 
Large Small More Less Slope Slope 
5.3 
% 
9.6 
12.2 
5.4 
4.1 
5.2 
4.2 
5.8 
4.8 
5.8 
6.7 
6.8 
6.6 
6.1 
6.3 
si 
2.2 
% 
9.1 
13.7 
4.0 
3.6 
5.0 
5.8 
4.6 
4.6 
8.5 
11.8 
9.2 
9.2 
8.7 
8.8 
anted 
3.0 
% 
7.2 
10.1 
4.0 
3.1 
5.7 
4.5 
4.3 
3.8 
6.0 
7.8 
5.8 
6.8 
6.3 
6.5 
slanted 
3.2 
% 
9.2 
10.8 
3.9 
3.1 
4.8 
4.4 
3.9 
3.4 
7.3 
9.2 
7.4 
7.7 
7.4 
7.6 
up 
3.2 
% 
10.0 
12.6 
4.4 
3.3 
5.1 
4.0 
4.9 
4.3 
6.7 
7.0 
7.8 
7.4 
6.9 
7.1 
down 
2.7 
% 
9.5 
13.6 
4.3 
3.2 
4.8 
5.3 
4.8 
4.2 
7.3 
8.7 
8.6 
7.8 
7.5 
7.7 
original and reconstructions of 
Condition 
Large Small More Less Slope Slope 
3.7 
% 
4.8 
9.4 
3.5 
2.1 
4.0 
3.9 
3.3 
2.7 
5.4 
6.5 
4.5 
6.2 
5.8 
6.0 
1.7 
% 
6.0 
8.9 
3.8 
2.6 
6.2 
3.4 
4.1 
3.3 
5.8 
9.6 
4.5 
6.8 
6.2 
6.5 
slanted 
2.0 
% 
5.0 
7.7 
3.5 
2.6 
4.1 
3.5 
3.6 
2.9 
4.4 
8.0 
4.1 
5.0 
4.6 
4.8 
slanted 
2.5 
% 
4.7 
9.2 
4.8 
1.8 
4.4 
4.6 
4.9 
2.3 
4.5 
7.5 
3.9 
5.4 
4.9 
5.1 
up 
2.4 
% 
5.9 
8.4 
3.6 
2.3 
4.2 
4.4 
3.7 
2.8 
6.9 
9.7 
6.1 
7.8 
7.3 
7.5 
down 
2.3 
% 
6.8 
10.6 
3.4 
2.3 
5.3 
4.7 
3.6 
3.0 
6.4 
11.0 
5.3 
7.3 
6.8 
7.1 
Models under var iat ion of size, s lant , and or ientat ion 75 
Table 6. Average values of Dsr averaged across four sub jec ts . The models 
are ordered on increasing value of Dsr fo r the normal w r i t i n g 
cond i t i on . 
Condit ion 
Means 
Normal Large Small More Less Slope Slope 
slanted up down 
Model/Shape % % % % % % % 
4. 
8. 
6. 
3. 
7. 
5. 
11. 
9. 
12. 
13. 
1. 
14. 
10. 
2. 
Triangle asym. velocity 
Sinus asym. velocity 
Bell-shaped velocity 
Triangle sym. velocity 
Sinus sym. velocity 
Block-shaped velocity 
Block forces (Dooijes) 
Trapezium forces 
Triangular forces 
Sinus forces 
Circle segments 
Mixed (12+13) 
Block forces 
Long, short segments 
2.5 
3.1 
3.4 
3.7 
3.9 
4.5 
5.2 
5.4 
6.2 
5.7 
6.4 
6.5 
7.5 
9.9 
2.5 
3.0 
3.3 
3.6 
3.7 
4.3 
4.8 
5.1 
5.9 
5.4 
5.5 
5.7 
5.9 
8.7 
2.6 
3.3 
3.8 
3.4 
3.8 
5.0 
5.4 
6.1 
6.8 
6.4 
5.6 
5.4 
9.0 
8.8 
2.4 
2.7 
3.4 
3.1 
3.3 
4.3 
4.0 
4.6 
5.3 
4.8 
4.7 
6.4 
6.4 
7.3 
2.3 
2.8 
3.8 
3.8 
4.0 
4.3 
4.9 
5.6 
6.3 
5.9 
6.0 
4.8 
7.8 
9.4 
2.4 
3.0 
3.6 
3.3 
3.6 
4.3 
5.7 
6.0 
6.7 
6.3 
6.0 
5.9 
7.7 
8.9 
2.4 
3.1 
3.9 
3.5 
3.8 
4.8 
5.5 
5.7 
6.5 
6.0 
6.2 
6.3 
8.2 
9.7 
2.4 
3.0 
3.6 
3.5 
3.7 
4.5 
5.0 
5.5 
6.3 
5.8 
5.8 
6.0 
7.5 
9.0 
Table 7. Deviat ions of Dsr across subjects . Or average value - average 
row value - average column value + t o t a l mean. 
Model 
4 
8 
6 
3 
7 
5 
11 
9 
12 
13 
1 
14 
10 
2 
Means 
Normal 
-0.05 
-0.03 
-0.35 
0.07 
0.07 
-0.09 
-0.04 
-0.22 
-0.13 
-0.20 
0.53 
-0.20 
-0.13 
0.77 
5.22 
Large 
0.34 
0.30 
0.06 
0.38 
0.26 
0.07 
0.05 
-0.10 
-0.07 
-0.06 
0.01 
-0.06 
-1.26 
0.09 
4.79 
Condition 
Small 
-0.18 
-0.04 
-0.18 
-0.41 
-0.31 
0.13 
-0.07 
0.23 
0.24 
0.22 
-0.50 
0.22 
1.12 
-0.48 
5.45 
More Less 
slanted 
0.67 
0.46 
0.54 
0.36 
0.34 
0.55 
-0.32 
-0.20 
-0.27 
-0.24 
-0.33 
-0.26 
-0.36 
-0.91 
4.38 
-0.25 
-0.31 
0.07 
0.19 
0.15 
-0.27 
-0.24 
-0.02 
-0.01 
0.00 
0.12 
0.00 
0.22 
0.35 
5.20 
Slope 
up 
-0.23 
-0.19 
-0.18 
-0.34 
-0.31 
-0.40 
0.48 
0.35 
0.29 
0.34 
0.07 
0.32 
0.04 
-0.26 
5.28 
Slope 
down 
-0.30 
-0.19 
0.04 
-0.24 
-0.21 
0.01 
0.13 
-0.04 
-0.04 
-0.06 
0.10 
-0.03 
0.37 
0.44 
5.38 
Means 
2.42 
2.96 
3.58 
3.49 
3.70 
4.49 
5.06 
5.47 
6.24 
5.78 
5.78 
5.98 
7.50 
8.95 
5.10 
Sum of 
squares 
0.80 
0.47 
0.49 
0.65 
0.44 
0.56 
0.42 
0.28 
0.24 
0.27 
0.67 
0.26 
3.19 
2.05 
Sum s q . 1.18 2.06 2 .29 2.90 0.54 1.22 0 .60 
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velocity domain This outcome is a repl icat ion of the earl ier s t u d y , 
mentioned above Furthermore, th is model led to the lowest Dsr values m 
each of the remaining six experimental condit ions as well Model 2 ( long 
and short spatial segments) and Model 10 ( force wi th constant amplitude) 
have the highest Dsr values (9 0 and 7 5, respect ive ly) The sequence of 
the models, o r d e r e d from low to high Dsr values is, wi th only a few 
except ions, the same for all condit ions For the seven models w i t h the 
lowest Dsr scores, the o r d e r i n g is exact ly the same as found by Maarse and 
Thomassen ( in prep ), whereas between posit ions 8 and 14 there are only a 
few dif ferences 
Analysis by means of the SAS program ANOVA, applied to all available 
data of the four teen models, yields s igni f icant results f o r the two mam 
factors Models and Clocon, as well as f o r t h e i r interact ion From the 
computed Dsr deviat ions ( ι e , Dsr values corrected f o r the two main 
factors Clocon and Models) i t appears t h a t the interact ion is, f o r an 
important p a r t , caused by the Models 2 and 10 (see Table 7) Removing 
the data of Model 10 from the analysis of var iance already results m a non­
s igni f icant ef fect of the interact ion between Clocon and Models (p>0 1341), 
(see Table 8) That is to say, that t h e r e is no longer a s igni f icant 
interact ion effect upon the spatial accuracy of simulated w r i t i n g trace 
between the remaining 13 models of s t r o k e product ion and the global 
parameters size, s lant, and o r i e n t a t i o n , or the size of the models effect is 
no longer dependent upon the experimental condit ions involved 
The values of Dsr f o r Model 2 are h i g h , due to signal shapes and 
interact ion of the two processors f o r long and short segments By removing 
both Model 2 and Model 10 (the worst models), the interact ion effect 
disappears al together ( p > 0 2606) The twelve remaining models may be 
considered to be capable of simulating the s t r o k e - p r o d u c t i o n process with a 
constant q u a l i t y , i r respect ive of global var iat ions of size, s lant , and 
or ientat ion of h a n d w r i t i n g As has been pointed out m the previous paper 
(Maarse & Thomassen, m p r e p ), i t should be noted t h a t , of course, 
di f ferences m the reported qual i ty of r e p r o d u c t i o n may or ig inate f rom the 
d i f f e r e n t numbers of parameters used f o r the def in i t ion of a s t r o k e , as well 
as from the d i f f e r e n t nature of the models The f i r s t two models in Table 8 
are models def ined in the velocity domain by t rans i t ion points plus 
addit ional information about the point in time of the maximum velocity of the 
stroke The models def ined in the veloci ty domain on the basis of only two 
t r a n s i t i o n points ( s t a r t and end) are o r d e r e d at the positions 3 t h r o u g h 6 
It is clear that the extra information about the point m time of the maximum 
velocity c o n t r i b u t e s to a b e t t e r f i t (Models 4 and 8) Model 1 ( c i r c u l a r 
segments in the spatial domain) and the acceleration models are ordened 
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Table 8. Results of analys is of variance (SAS program ANOVA) 
All 
14 models 
13 models 
excluding 
Model 2 
13 models 
excluding 
Model 10 
12 models 
excluding 
Models 2,10 
Source 
Models 
Glocon 
Models*Glocon 
Models 
Glocon 
Models*Glocon 
Models 
Glocon 
Models*Glocon 
Models 
Glocon 
Models*Glocon 
Error term 
Models*Subject 
Glocon*Subject 
Subject 
Models*Subject 
Glocon*Subject 
Subject 
Models*Subject 
Glocon*Subject 
Subject 
Models*Subject 
Glocon*Subject 
Subject 
Degrees of 
freedom 
13 
e 
78 
12 
6 
72 
12 
6 
72 
11 
6 
66 
F value 
27.70 
2 23 
1 49 
24.59 
3 55 
1 49 
27.01 
2 96 
1.23 
21.22 
3 28 
1.13 
Pr > F 
0 0001 
0.0247 
0.0117 
0.0001 
0 0169 
0.0156 
0.0001 
0 0344 
0.1341 
0.0001 
0.0232 
0.2606 
from the 7th t h r o u g h the 12th posit ion. Due to an addit ional step in the 
computations (one more requi red i n t e g r a t i o n ) , a systematic e r r o r is 
introduced into the models defined m the acceleration domain (see 
Discussion). 
The mam factor Glocon is also s i g n i f i c a n t . This means t h a t t h e r e is an 
effect of the global w r i t i n g condit ions on the spatial accuracy, b u t the 
dif ferences between the scores of the best models is re lat ively low. As can 
be seen m Table 8, the effect of Clocon is less s t r o n g e r than the effect of 
Models On a 0.01 p r o b a b i l i t y level t h e r e is no s igni f icant effect of Clocon. 
A p a r t of th is weak effect may be caused by a decreased signal-noise-rat io 
m the global condit ions small and less slanted (see Table 7 ) . 
3. Discussion 
The purpose of the present experiment was to invest igate i f , and to what 
extent the fourteen d i f f e r e n t simulation models of h a n d w r i t i n g descr ibed by 
Maarse and Thomassen ( m p r e p . ) produce invar iant results under var iat ion 
of the global parameters size, s lant, and o r i e n t a t i o n . The pr inc ipal r e s u l t , 
and also the most in terest ing one, of the present s t u d y is that the twelve 
best models all operate to a v e r y large extent cons is tent ly , and although 
autonomously, under var iat ion of global parameters such as size, s lant, and 
or ientat ion Of the models which in the ear l ier s t u d y produced the best f i t , 
ι е . , the lowest values f o r the relat ive spatial distance Dsr, the present 
simulations t u r n e d out again to be the best approximations of the natural 
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handwr i t ing t race. It appeared that the qual i ty of the i r simulations was 
unaffected by var ia t ion of global performance condit ions Fur thermore, 
models wi th an asymmetric velocity pat tern produce better f i t s than 
symmetrical models. It t u rned out that those models that specify the exact 
point in time of the maximum velocity in a stroke (Models 4 and 8) resul ted 
m the ve ry best f i t to the or ig inal handwr i t ing samples. It is clear that the 
Models 2 and 10 should be considered to be rather poor simulations of 
handwr i t ing Model 2, w i th long and shor t segments def ined in the spatial 
domain, y ielded the worst results A possible source of e r ro r is that the 
two subsystems that are assumed for long and shor t segments respect ive ly , 
are not independent. The two non-orthogonal outputs wil l interact and 
counteract each o ther . The second worst resul t is obtained wi th Model 10 
(Vredenbregt t Koster, 1971, strokes produced by forces wi th constant 
amplitude) It is impossible, pract ical ly as well as theoret ica l ly , to produce 
wi th constant forces large as well as small movements, whereby only the 
durat ion of the force is var ied When the size of handwr i t ing becomes 
greater , the durat ion of the force impulses increases and successive force 
impulses wi l l over lap and counteract each other On the other hand, wi th 
small handwr i t ing the durat ion of the force impulses is re lat ively shor t , and 
overshoots may occur (Maarse & Thomassen, m prep ) . 
The results do not lead to the unequivocal conclusion that models def ined 
m the veloci ty domain are more invar iant than models defined m the 
acceleration domain, because the calculation of the t ra jec tory in the lat ter 
case needs an extra integrat ion as compared to the f i r s t one In the 
simulations, the pen's veloci ty at the s tar t of a force impulse is always 
def ined to be equal to the velocity at the same point of time m the or ig inal 
handwr i t ing Towards the end of the force impulse, however, the veloci ty 
may deviate largely from the veloci ty of the or ig inal handwr i t ing For a 
momentum impulse, the veloci ty at the s tar t and at the end are zero m the 
simulation as well as m the or ig inal handwr i t ing In the present s tudy no 
ef for t has been undertaken to minimise the er rors m the force impulse 
processors. 
Fluency disturbances m the smallest handwr i t ings are par t l y in t roduced 
by the effect of local f r i c t ion forces between pen and paper In such 
handwr i t i ngs , there fo re , these forces can no longer be neglected Small 
handwr i t ing is general ly associated with low absolute ve loc i ty , and the lower 
the pen ve loc i ty , the h igher the inf luence of f r i c t i on Moreover, m smaller 
handwr i t ing the relat ive increase of quant izat ion noise leads to an increase 
of Dsr. The twelve best models have in common that they maintain the 
posit ions and points m time of the t rans i t ion points This outcome is 
compatible wi th the view that at the per iphera l level time is the most 
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important parameter to be control led by the motor program In many earl ier 
studies on motor programming, the claim has been made that t iming is an 
essential instrument of the realisation of the motoric behavior. At f i r s t s ight 
th is in terpretat ion is at odds wi th views about the prevalence of spatial 
options m the motoric programmirg of handwr i t ing (Teu lmgs, Thomassen, & 
Van Galen, 1986), and of horizontal limb movements in general (Schmidt & 
McGown, 1980) We should realise, however, that what is claimed in the 
present s tudy is that the peripheral product ion of connective strokes is 
regulated by a t ime-based pulsor Recently, Schmidt, McGown, Qumn and 
Hawkins(1986) produced evidence for a t ime-based model of sequencing 
consecutive limb movements in situations where more than one single 
movement has to be per formed. This si tuation seems to be highly related to 
handwr i t ing where a cont inuing sequence of up and down strokes has to be 
planned and performed This view does not contradict that at a more 
cen t ra l , or abstract level of motor programming a spatial code is involved m 
the preparat ion and execution of the motor act 
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PRODUCED AND PERCEIVED WRITING SLANT: 
DIFFERENCES BETWEEN UP AND DOWN STROKES 
The preceding chapters were mainly concerned with peripheral handwriting 
processors as controlled by a central motor program. The peripheral 
processors appear to operate autonomously, to some degree, and to produce 
a writing unit or stroke on the basis of spatio-temporal information about 
transition points entering from the motor program. In this motor program 
the settings of some global parameters such as size and slant are held more 
or less constant during a writing task. The first question now is to what 
extent the setting of the global parameter slant is constant even when the 
writing conditions are varied. In the present chapter we will investigate the 
behavior of writing slant when horizontal extent, or the width of 
handwriting is varied by the writer. 
If we vary the width of a handwriting signal by the superposition of a 
varying linear trend on the horizontal writing movements, the writing slant 
of the whole writing product will change accordingly. What happens, 
however, if we ask a subject to write wider or narrower than he or she 
normally does? We would expect that down strokes and up strokes are 
handled in a different way with the result that the writing slant Is 
maintained more or less constant. 
From the first experiment it appears that up strokes are significantly 
more sensitive than down strokes to width variations in handwriting. These 
results lend support to the theory that global parameters such as writing 
slant tend to be kept constant under varying writing conditions. It is 
concluded that the preferences in the finger/hand system and most likely 
the motor programs controlling the latter are at least partly responsible for 
the observed slant constancy in down strokes. But also another possibility 
is looked Into, namely the educational and perceptual source of constant 
slant. Handwriting as a communicative skill requires perceptually clear and 
constant character representations. Writing education as a consequence 
places large emphasis on such perceptual constancy in the letter shapes. As 
it happens these are far more often represented by down strokes than by 
up strokes [which also contain connective strokes). The second question to 
be answered in the present chapter then is: on which features of the 
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writing trace is the visual impression of slant based? On the basis of the 
above, we would expect down strokes to have a much stronger perceptual 
weight than up strokes. And this is precisely what is found in the second 
experiment. Down strokes contribute much more to the subjective impression 
of the slant of a specimen of handwriting than up strokes do. Although this 
is not found in the present study it can be argued that (certain') down 
strokes provide the only perceptual slant cues. It Is of interest to note 
that motoric preferences are parallelled by perceptual bias; most likely 
cultural and educational influences are to be held responsible here. 
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Produced and perceived writing slant: Difference 
between up and down strokes1 
Frans J . Maarse and Arno ld J .W.M. Thomassen 
Abstract 
In the study of handwr i t ing it is often assumed that handwr i t ing is caused 
by rapid movements of f ingers and hand, the lat ter h ing ing m the w r i s t , 
and superimposed on th is a slow constant horizontal movement of the 
( lower) arm. If th is assumption is correct i t should hold that the inf luence 
of horizontal movement on all parts of handwr i t ing is equally large. 
Experiment 1 was performed to ve r i f y t h i s . In th is experiment r i gh t -handed 
subjects were asked to copy the same tex t three t imes, once under each of 
three condit ions of horizontal spacing The manuscripts thus obtained were 
analysed for the direct ions of the i r up an down s t rokes. The most important 
conclusion is that horizontal movement is not constant, but dependent on 
the strokes being made m handwr i t i ng . Its inf luence appears to be b igger 
du r i ng up strokes than du r i ng down strokes and fo r down strokes the 
effect is even opposite to what one might expect on the basis of the above 
assumption. Because down strokes appear to be more stable than up 
st rokes. Experiment 2 invest igated whether down strokes play the major 
part m determining the visual features of the completed manuscr ip t , 
specif ical ly m determining judged slant of the manuscr ipt . For th is purpose 
the manuscripts obtained in Experiment 1 were presented to new subjects 
fo r slant judgement. Quant i ta t ive judgements were obtained by means of 
t ransparent sheets contain ing slanted lines which could be placed over the 
manuscr ipts. The subjects' judgements were compared to the direct ions of 
the up strokes and the down strokes tha t were measured object ive ly . The 
mam resul t of th is comparison is that the judged slant of manuscr ipts is 
determined pr inc ipa l ly by the down s t rokes . The correlat ion between up 
strokes and judged slant is 0 81 and that between down strokes and judged 
slant is 0.99. Some implications of the observed st rong down s t roke 
predominance m produced and perceived handwr i t ing are discussed. 
1
 Acta Psychologica. 54, (1983), 131-147 
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1. Introduction 
From the d is t r ibu t ion of all w r i t i ng d i rect ions that occur m handwr i t ing it 
appears tha t two parts of the d is t r ibu t ion are ve ry dominant The f i r s t par t 
has its maximum value between 20 and 70 degrees, it contains pract ical ly all 
up strokes The second par t with an extreme value between 220 and 280 
degrees encompasses pract ica l ly all down strokes A measure for the 
d i rect ion of the up strokes may now be def ined as a weighted mean of the 
f i r s t par t of the d is t r ibu t ion A measure of the direct ion of the down 
strokes may be found correspondingly by calculat ing a weighted mean over 
the second par t of the d is t r ibu t ion This would imply, of course, that 
ve ry in f requent direct ions are left out of consideration It has been 
established recent ly by Thomassen and Teulmgs (1983) that up strokes and 
down strokes in handwr i t ing behave d i f fe ren t l y when spatial parameters, 
such as horizontal progress ion, are changed The question now is m what 
way the d i rect ion of up and down strokes change as a funct ion of horizontal 
spacing I f , fo r instance, the subject is asked to wr i te a piece of tex t 
more widely or more narrowly as compared wi th his or her normal 
handwr i t i ng , one may expect d i f ferent ia l changes On the basis of the data 
collected by Thomassen & Teulmgs (1983) and on those obtained by the 
present authors m a number of informal observat ions, it may be expected 
that up strokes are more l ikely to undergo the inf luence of these changes 
than down strokes Indeed, up strokes contain pract ical ly all the 
connecting strokes between le t ters , whereas down strokes appear re lat ively 
much more as par ts of the actual let ters or graphemes These might change 
less if there is a tendency to keep the grapheme features unchanged, ei ther 
because the visual appearance of the product is preferably held constant, 
or because the motor program for the character is t ic of the graphemes 
remains more or less constant Another possib i l i ty might be that the 
d i rect ion of the down strokes is a pr imary d i rec t ion , which corresponds 
wi th the up and down moving f ingers only (Dooijes, 1983) The f i r s t 
hypothesis of the present invest igat ion is , there fo re , that up strokes wil l 
d isplay a greater change than the down strokes when the horizontal spacing 
of handwr i t ing is changed 
Changes and di f ferences m changes between up and down strokes as a 
resul t of a change m horizontal spacing could be described wi th the aid of 
the fol lowing hypothet ical models 
Model 1 The w r i t i ng process comprises rapid movements, made by the 
f ingers and the w r i s t , and superimposed on th is a slow horizontal 
arm movement ( e g Dooijes, 1983) The consequence for the 
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Figure 1 . Regions of up and down strokes in handwr i t ing 
slope of the up and down s t rokes , t hen , is tha t both the up 
strokes and the down strokes change, bu t m opposed t u r n i n g 
d i rect ions. Because the displacements in the horizontal component 
of the up and down strokes are equal , th is model implies that the 
d i rect ion of the down strokes wi l l be affected more than tha t of 
the up strokes because the former are more perpendicular to the 
horizontal (baseline) wr i t i ng d i rec t i on . 
Model 2: The change m horizontal spacing consists of a simple l inear 
horizontal t ransformat ion. This leads to the same effect as the 
effect that results from project ing the manuscript onto a plane 
parallel to the ver t ica l axis The resul t fo r the up and down 
strokes is that both change in the same t u r n i n g d i rec t ion . The 
horizontal components of the up and down strokes change m the 
same proport ional manner T h u s , the d i rect ion of the up strokes 
wi l l change a l i t t le more than the d i rect ion of the down s t rokes. 
Model 3. Dur ing the wr i t i ng process, the d i rect ion of the down strokes is 
held constant and the effect of horizontal spacing is b rought 
about solely by changes m slant of the up s t rokes. 
Model 4. This is the complement of the preceding model and i t is 
in t roduced for the sake of completeness. The model states that 
du r i ng the w r i t i ng process the d i rect ion of the up strokes is held 
constant and that the change m horizontal spacing is brought 
about solely by changes m the slant of the down s t rokes. 
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If during the production of handwriting up and down strokes do not show 
the same sensitivity to the spatial influences affecting the writing process, 
then the question arises whether in judging the slant of handwriting 
products certain segments also play a larger role than others. If the slant 
of handwriting is judged, will the observer pay more attention to the more 
characteristic grapheme strokes, ι e. to the down strokes? According to 
Hollerbach (1980) the judged slant of cycloids is determined by an average 
of some sort between the slant of up strokes and the slant of down strokes. 
If it is assumed that during the writing process the slant of the most 
characteristic segments is held more or less constant m spite of changing 
circumstances or instructions, and if Hypothesis 1 is confirmed, which holds 
that down strokes are less sensitive to changes than up strokes, then it is 
reasonable to expect that down strokes will contribute more to the judged 
slant than up strokes wil l . This leads to the second hypothesis of the 
present investigation· the observed slant of handwriting is determined 
more by the direction of the down strokes than by the direction of the up 
strokes. The latter hypothesis is of course m conflict with the findings 
reported by Hollerbach In the Experiments 1 and 2 reported below, the 
above hypotheses will be tested 
2. Experiment 1 
Produced slant of up and down strokes as 
a function of horizontal spacing. 
2.1. Methods and procedure 
As has been indicated above, handwriting is characterized by two dominant 
writing directions, which roughly coincide with the directions of up and 
down strokes. In the present experiment it was investigated how these 
directions change under the influence of changing horizontal spacing 
Following an instruction and a practice session, 18 subjects were asked 
three times to copy a page of text consisting of 75 words divided over 12 
lines, each time under a different condition of horizontal spacing. In every 
condition the instruction was to keep the height of the handwriting constant 
at approximately 3.5 mm. The three conditions are normal, narrow, and 
wide The normal condition corresponds to the normal writing width at the 
given height of handwriting. The length of a line required for the 
corresponding number of words (approximately six) is then approximately 18 
cm. The narrow and wide conditions have been derived from the normal 
condition. The narrow condition corresponds with a required line length of 
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approximately 13 cm. Under the wide condit ion the r e q u i r e d line length is 
approximately 25 cm. This implies a change in horizontal spacing of 
approximately -30 percent and of approximately + 40 p e r c e n t , both in 
comparison w i t h the normal handwr i t ing c o n d i t i o n . For a few subjects wi th 
a v e r y compressed h a n d w r i t i n g sty le, the above widths have been reduced 
c o r r e s p o n d i n g l y . Al l subjects wrote the same t e x t once in each of the 
t h r e e condit ions at t h e i r own w r i t i n g speed. The average durat ion f o r 
copying the t e x t once was approximately 200 seconds, i r respect ive of the 
r e q u i r e d w i d t h . The subjects were induced to keep the height of t h e i r 
w r i t i n g constant by i n s t r u c t i n g them to w r i t e every l ine between horizontal 
aux i l iary l ines, prov ided on the response sheets, w i t h a center- to-center 
distance of 3.5 mm. Figure 2 presents an example of the t h r e e manuscripts 
produced by a single subject. The aux i l iary lines are clearly v i s i b l e . In 
o r d e r to avoid o r d e r e f f e c t s , all possible orders of the above condit ions 
have been d i s t r i b u t e d uni formly across the 18 subjects. 
2.2. Subjects 
In the experiment 18 subjects took p a r t , 9 male and 9 female They were all 
r i g h t - h a n d e d and t h e i r ages var ied between 18 and 58 years Among them 
were subjects wi th less and wi th more w r i t i n g exper ience, v iz , s t u d e n t s , 
secretar ies, computer programmers, sc ient ists, and housewives. 
2.3. Hardware 
For the recording of the handwr i t ing data was made use of the same 
apparatus as that descr ibed by Teulmgs and Thomassen (1979) The parts 
of the apparatus that are of importance f o r the present invest igat ion are· a 
PDP-11/45 wi th f loat ing point processor, a t e r m i n a l , disks RK05, RK07 and 
RX01/02, and the Vector Tablet and a High Speed Graphic Display, t y p e 
2D3, both manufactured by Vector General. The XY-tablet records the 
posit ion of the pen at a sample f requency of 100 Hz For each sample 
coordinate pair the posit ion of the pen is determined w i t h respect to an 
o r i g i n . This yields values for X and Y For Ζ t h e r e are two states Z=-1 if 
the pen is above the paper and Z^O if the pen is on or nearly on the 
paper. The point of change of Ζ was f i x e d , f o r the present exper iment, at 
about 0.25 mm above the paper for downwards movements and at about 0.50 
f o r upwards movements. 
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Figure 2. Manuscripts produced by subject AAD in Experiment 1 under the 
three instructions of horizontal spacing. 
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2.4. Data processing 
Upon the recording of the data by the computer, f i rst the possible 
hardware errors were removed from the data, and a calibration was 
performed m order to correct for deviations present m the XY-tablet used. 
For all analyses the digital data of the whole manuscript, including the 
visual parts and spaces, have been filtered by means of a low-pass digital 
fi lter with a cut-off frequency of 10 Hz and an attenuation of 38 dB above 
16 Hz. This f i l ter has been calculated by means of the "Finite Impulse 
Response" program as described by Rabmer and Gold (1975). Following 
this correction of the data, their calibration and f i l ter ing, the directions of 
up strokes and down strokes have been determined in the following way. 
Only those up and down strokes have been taken into account, for which 
applies that Z=0. This implies that only the visible parts of the manuscript 
have been analysed The influence of the fi ltering on this procedure can 
be neglected. For each manuscript a (polar) distribution function has been 
determined m the following way. Of each vector that connects two 
successive sampling points, length and direction were determined. Of all 
vectors occurring m the entire manuscript a frequency distribution function 
can now be made as a function of direction, where the 360 degrees have 
been divided into 100 intervals of 3 6 degrees each. Because the time 
difference between the sampling points is constant, the latter procedure 
also yields a time distribution function as a function of direction. In a 
similar manner a distribution function of the trajectory covered can be made 
by summing the lengths of the vectors with a certain direction within the 
appropriate direction interval. In this way a distribution is found of the 
trajectory covered as a function of direction. By dividing the obtained 
values of the latter function for each interval over the values of the 
corresponding cells of the former function, a third distribution function is 
obtained of the average velocity of all vectors within an interval. After 
normalising the three distributions, where the average of every distribution 
is fixed at 100 percent, the distributions may be represented in two ways, 
as has been done in Figure 3. The difference between the two 
representations is that the left-hand plots are made according to an 
orthogonal system of axes, whereas the right-hand plots use polar 
coordinates. The advantage of the latter representation is that the depicted 
directions correspond with the writing directions of the corresponding 
manuscript The numbers in the plots indicate the mean values of the 
distribution function, so that it is possible, in spite of normalisation, to 
gain an impression of duration, length and velocity. (The velocity in the 
bottom panel is not the mean writing velocity of the manuscript, but the 
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Figure 3. Orthogonal and polar d i s t r i b u t i o n funct ions of the 'normal' 
manuscr ipt of subject AAD. 
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mean of the w r i t i ng velocit ies m all d i rec t ions) . 
The direct ions of the up strokes (US) and the down strokes (DS) have 
been calculated from the d is t r ibu t ion funct ion fo r the covered t ra jec to ry by 
means of a weighted mean a lgor i thm, which incorporates those parts of the 
polar d is t r ibu t ion funct ion where the ampli tude is twice or more than twice 
the average ampl i tude. This yields values for DS1, US I , DS2, US2, DS3 
and US3, where the d ig i ts 1 , 2 and 3 refer to the th ree condit ions nar row, 
normal and wide, respect ive ly . For data processing programs have been 
used from the program l i b ra ry MOTPAK (See Appendix A ) . 
According to Hypothesis 1 , one expects that the up strokes wi l l change 
more than the down strokes If it is assumed that the direct ions of up and 
down strokes wil l both decrease wi th increasing wr i t i ng w i d t h , then i t must 
hold tha t . 
(USI - US3) > (DSI - DS3) 
For stat ist ical analysis is made use of the SPSS-program MANOVA, wi th the 
fol lowing design no groups of subjects (no between subject f a c t o r s ) ; 
repeated measures wi th the fol lowing wi th in subject fac tors . 
- up strokes versus down strokes (Var iab le . UD, 1 degree of freedom) 
- width (Var iable WIDTH, dif ferences between S1=USTDS1, S2=US2+DS2 
and S3=US3',-DS3, two degrees of f reedom, a l inear and quadrat ic 
component). 
Furthermore there are interact ions between these two factors (two degrees 
of freedom- a l inear and quadrat ic component) In the present 
invest igat ion we are interested m the effects of WIDTH and in the 
interact ion between UD en WIDTH ((US1-US3) «-+ (DS1-DS3)) . 
2 .5 . Results 
Table 1 presents the indiv idual results of the subjects in Experiment 1 . 
The var ious columns g ive the data for the direct ions in the down strokes 
and the up strokes under the three condit ions of horizontal spacing. For 
one subject i t was impossible to comply wi th the ins t ruct ion of w r i t i n g 
widely w i thout changing over to an ent i re ly d i f fe ren t t ype of manuscr ip t . 
The lat ter subject has been replaced by another subject. 
Table 2 presents the results of the stat ist ical analysis. I t appears tha t 
the slant of the up strokes and the down strokes decreases wi th increasing 
width There are s ign i f icant l inear decreasing t rends m slant of the up 
strokes as well as of the down strokes The quadrat ic component is not 
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Table 1. D i r e c t i o n of up and down strokes (Degrees) in 
Experiment 1 
Subject 
MAS 
EDK 
JST 
RUV 
JKH 
JEH 
MAR 
RIL 
CHW 
CEW 
MAX 
JAS 
KAW 
IRP 
ANC 
THO 
TRB 
AAD 
Narrow 
DS1 
239.76 
262.98 
245.81 
235.48 
275.18 
239.76 
271.08 
273.71 
256.79 
257.36 
240.98 
232.63 
264.31 
248.72 
249.59 
254.88 
262.19 
240.23 
Down st' 
Normal 
DS2 
227.74 
262.76 
243.90 
233.21 
277.34 
239.26 
271.51 
286.02 
257.69 
253.98 
241.31 
229.64 
264.46 
240.44 
242.21 
251.64 
263.92 
239.00 
rokes 
Wide 
DS3 
222.19 
262.80 
241.63 
226.19 
279.04 
242.75 
273.53 
281.27 
250.96 
248.47 
241.20 
226.91 
262.66 
230.58 
233.96 
250.13 
261.18 
237.38 
Narrow 
USI 
45.14 
45.04 
44.93 
38.38 
62.82 
35.86 
56.27 
41.40 
53.89 
46.66 
35.86 
37.98 
63.07 
56.45 
48.71 
49.28 
57.24 
32.29 
Up strokes 
Normal 
US2 
32.47 
41.76 
39.10 
33.52 
64.69 
33.41 
50.26 
22.86 
48.42 
36.40 
29.84 
33.98 
58.97 
45.40 
37.73 
45.29 
48.85 
31.21 
Wide 
US3 
25.24 
39.82 
34.13 
25.81 
50.40 
30.06 
40.90 
23.87 
36.65 
31.43 
28.66 
29.99 
50.47 
35.93 
27.79 
41.15 
36.36 
27.00 
Means 252.86 251.45 248.49 47.29 40.79 34.20 
Table 2. S t a t i s t i c a l r e s u l t s of Experiment 1 (n=18) 
Var iable Mean t-va lue ρ 
Algebraic d i f f e r e n c e s 
up 
down 
up 
down 
up 
down 
up-down 
up-down 
Linear 
narrow-normal 
narrow-normal 
normal-wide 
normal-wide 
narrow-wide 
narrow-wide 
narrow-normal 
normal-wide 
components 
(US1-US2) 
(DS1-DS2) 
(US2-US3) 
(DS2-DS3) 
(US1-US3) 
(DS1-DS3) 
(US1-US2)-(DS1-DS2) 
(US2--US3)-(DS2-DS3) 
6.50 
1.41 
6.58 
2.96 
13.09 
4.37 
5.09 
3.63 
I n t e r a c t i o n 
UD and WIDTH (US1-US3)-(DS1-DS3) 6.72 5.39 0.000 
WIDTH (US1+DS1)-(US3+DS3) 16.46 6.67 0.000 
s i g n i f i c a n t . The d i f ference between these t r e n d s in up and down strokes is 
also s i g n i f i c a n t . There is a l inear relat ionship between slant and w i d t h . 
The quadrat ic component of the lat ter interact ion is not s ign i f icant . In 
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spite of the fact that Hypothesis 1 has thus been conf i rmed, it is not yet 
clear how these changes are brought about. This wi l l be taken up m the 
discussion. 
2 .6 . Discussion of Experiment 1 
The results are unambiguous with respect to the hypothesis , but not w i th 
the respect to the mechanism according to which changes in horizontal 
spacing are performed It appears from the results tha t the up and down 
strokes show an average change m the same d i rec t ion , where the changes 
of the up strokes are approximately twice as large as the changes of the 
down strokes On the basis of the average direct ions for normal 
handwr i t i ng , th is rat io should be approximately 1 · 1.2 fo r Model 2. This 
ratio is determined by the angle of the down strokes and the angle of the 
up s t rokes. For Model 3 this ratio is in f in i te ly large. The obtained results 
thus may be explained by a model shar ing aspects of Models 2 and 3. If we 
set out f rom a change m the direct ion of the up strokes that is twice as 
b ig as that of the down s t rokes, we may calculate whether the changes m 
horizontal spacing fo r a certain manuscr ipt can be explained by the 
observed angle changes. This has been worked out in Appendix B. The 
subjects were requi red to wr i te 40oo wider than normal The example worked 
out m Appendix B, in which the average di rect ion fo r the up and down 
strokes and the i r changes as observed in the present experiment have been 
taken as a basis, show an increase of 26o One par t of the di f ference 
between 40 and 26 percent may be explained by the fact that not all the 
subjects were completely successful m maintaining the height of the i r 
manuscript at the prescr ibed size under the three d i f fe ren t spacing 
condi t ions. When w r i t i n g more widely, they seem to be tempted to wr i te 
tal ler and when w r i t i ng narrower to wr i te smaller. These tendencies of 
course correspond wi th a general tendency not to change the slants of 
ei ther up or down s t rokes. Another par t of the d i f ference between 40 and 
26 percent may probably be caused by the fact that subjects were incl ined 
to space the words relat ively more widely than the let ters when w r i t i ng 
under the wide condit ion 
The resul ts lead to the conclusion tha t horizontal t ranslat ion does not 
involve a constant veloci ty that may be added quas i -mdependent ly to the up 
and down strokes or to the rapid movements produced by wr is t and 
f ingers For the up strokes the effect is b igger than fo r the down s t rokes. 
On average, the horizontal component m down strokes is negative and is 
even decreased f u r t h e r under the wide condit ion This extra loss is to be 
compensated for du r i ng the up strokes The horizontal displacement, t hus , 
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is not a constant veloci ty but is dependent on the handwr i t ing s t rokes. 
Dur ing the up s t rokes, probably mainly du r i ng the connecting s t rokes, 
horizontal veloci ty is much higher than du r i ng the down strokes This 
result provides an in terest ing extension of the f ind ings by Thomassen and 
Teuhngs (1983) who observed that in graphemes that bear s imi lar i ty to 
handwr i t ten le t te rs , down strokes are relat ively unaffected when wr i t i ng 
goes over f rom stat ionary handwr i t ing to progressive handwr i t ing Also 
these authors a r r i ved at the rejection of the notion of superposi t ion of the 
movements tha t produce let ter shapes on an independent constant horizontal 
component. 
If one were to simulate the way in which an indiv idual solves the task of 
changing his or her horizontal spacing, a system shar ing the propert ies of 
Models 2 and 3 as mentioned above, is obviously insuf f ic ient One could 
however establish fo r each individual which combination of Models 2 and 3, 
and perhaps 1 , is applicable m his or her case From the data it appeared 
that there are subjects who operate pract ical ly ent i re ly according to Model 
3 . In general they were ei ther subjects who wrote down strokes almost 
ver t ica l ly or who attempted m a r ig id manner to keep the i r slant constant 
It is also a s t r i k i ng f i nd ing that a number of subjects who wrote down 
strokes almost ver t ica l ly were inclined in some cases to operate according to 
Model 1 . Subjects approaching Model 2 , were general ly older subjects wi th 
a large amount of w r i t i n g experience and wi th a stable sc r ip t . 
3. Experiment 2 
Judged writing slant as a function of up and down stroke direction 
3.1. Method and procedure 
In the present experiment 12 subjects were asked to judge the slant of 54 
manuscr ipts The manuscr ipts were those produced by the subjects of 
Experiment 1 , who each copied the same tex t m three condi t ions, viz , 
normal, narrow and wide Because one of the subjects m Experiment 1 was 
later replaced by another subject (See 2 5 above) there is a minor 
d i f ference between the Tables 1 and 3 
The manuscripts were placed m a random order by means of a table of 
random numbers Every subject was presented wi th th is sequence, bu t its 
beginning was var ied systematically over the subjects, such tha t one - th i rd 
of the subjects s tar ted w i th number 1 , one - th i rd wi th number 19, and one-
t h i r d wi th number 37 In order to a r r i ve at quant i ta t ive judgements of the 
slant, use was made of 25 t ransparent sheets wi th horizontal and slanted 
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l ines. The horizontal lines correspond exact ly to the horizontal aux i l ia ry 
lines on which the manuscr ipts were produced and that served to keep the 
w r i t i n g size at 3.5 mm. The angle of the slanted lines var ied over the 
t ransparent sheets f rom 28 8 to 118.8 degrees m steps of 3.6 degrees. 
The sheets were numbered from 1 to 25 in o rder of the i r s lant . The 
subjects were asked to place the t ransparent sheets over the manuscr ipts 
and to note down the number of the sheet, the slant of which they judged 
to correspond most wi th the slant of the manuscr ipt (See Figure 4 ) . No 
f u r t h e r ins t ruct ions were given as to the cr i te r ia to be used by the 
subjects. Subsequent, to the exper iment, the subjects were asked to wr i te 
down those aspects of the manuscripts to which they paid most at tent ion 
when making the i r judgement. 
3.2. Sub/ects 
Twelve subjects took par t m the exper iment, 6 males and 6 females. They 
var ied in age from 18 to 46 years and most of them were (non-psychology) 
s tudents . The subjects were d i f fe ren t f rom those who took par t m 
Experiment 1 . 
3.3. Results 
Because the subjects do not d i f ferent ia te in the i r judgement between 
direct ions d i f f e r i ng 180 degrees, 180 degrees were subtracted f rom the 
calculated di rect ion of the down st rokes. (See Table 3 ) From the t - tes ts 
applied to the "normal" manuscripts of Experiment 1, i t appears tha t the 
calculated di rect ion of the up strokes d i f fe rs 31.2 degrees f rom the judged 
slant. See Table 4 For the down strokes th is d i f ference is only 2.7 
degrees. Al though both di f ferences are s ign i f i cant , i t must be concluded 
tha t hypothesis 2 is conf irmed and that the down strokes indeed prov ide a 
bet ter predict ion of judged slant. The correlat ion coeff ic ient between 
judged slant and the down strokes is 0 99 and between judged slant and up 
strokes 0.81 The results fo r the "nar row" and "wide" manuscripts are m 
accordance wi th the f ind ings fo r the "normal" manuscr ip ts . 
J . 4 . Discussion of Experiment 2 
The s igni f icant d i f ference between the slant of the down strokes and the 
judged slant indicates that there is a systematic d i f ference between the 
measuring procedure applied and the way in which the subjects made the i r 
judgements. If the judgements are indeed based on the down s t rokes, then 
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K a t e g o r i e 1 0 
Figure 4. Manuscript covered with one of the transparent sheets with 
containing slanted lines as used for judgement of writing slant in 
Experiment 1. The present sheet represents a 64.8 slant. It 
carries the number 10 for scoring. 
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Table 3: Calculated and judged s l a n t (Degrees) in Experiment 2 
W r i t e r ' s Calculated Judged s l a n t 
name Down strokes Up strokes 
DS1 DS2 DS3 USI US2 US3 JS1 JS2 JS3 
MAS 
EDK 
JST 
RUV 
JKH 
JEH 
MAR 
BRB 
CHW 
CEW 
MAX 
JAS 
KAW 
IRP 
ANC 
THO 
TRB 
AAD 
59.76 
82.98 
65.81 
55.48 
95.18 
59.76 
91.08 
88.38 
76.79 
77.36 
60.98 
52.63 
84.31 
68.72 
69.59 
74.88 
82.19 
60.23 
47.74 
82.76 
63.90 
53.21 
97.34 
59.26 
91.51 
87.77 
77.69 
73.98 
61.31 
49 64 
84.46 
60.44 
62.21 
71.64 
83.92 
59.00 
42.19 
82.80 
61.63 
46.19 
99.04 
62.75 
93.53 
55.76 
70.96 
68.47 
61.20 
46.91 
82.66 
50.58 
53.96 
70.13 
81.18 
57.38 
45.14 
45.04 
44.93 
38.38 
62.82 
35.86 
56.27 
46.58 
53.89 
46.66 
35.86 
37.98 
63.07 
56.45 
48.71 
49.28 
57.24 
32.29 
32.47 
41.76 
39.10 
33.52 
64.69 
33.41 
50.26 
43.34 
48.42 
36.40 
29.84 
33.98 
58.97 
45.40 
37.73 
45.29 
48.85 
31.21 
25.24 
39.82 
34.13 
25.81 
50.40 
30.06 
40.90 
34.02 
36.65 
31.43 
28.66 
29.99 
50.47 
35.93 
27.79 
41.15 
36.36 
27.00 
65.16 
84.96 
70.56 
60.48 
91.80 
67.32 
91.44 
91.44 
78.84 
79.20 
66.60 
60.12 
87.48 
73.08 
70.92 
76.32 
84.96 
64.80 
55.80 
83.16 
64.80 
61.20 
90.36 
65.52 
91.44 
86.04 
79.20 
74.16 
67.68 
56.16 
87.12 
67 32 
67.32 
73.44 
84.60 
64.08 
47.52 
83.88 
64.44 
54.72 
88.56 
64.08 
91.08 
72.72 
73.80 
72.72 
66.24 
55.08 
82.80 
60.48 
62.64 
72.36 
84.60 
62.64 
Means 72.56 70.43 65 96 47.58 41.92 34.77 75.86 73.30 70.00 
Table 4. S t a t i s t i c a l r e s u l t s of the d i f f e r e n c e s between judged and 
c a l c u l a t e d s l a n t of the manuscripts of Experiment 1. 
Difference 
between 
judged and down 
judged and up 
judged and down 
judged and up 
judged and down 
judged and up 
Variable 
JS1-DS1 
JS1-US1 
JS2-DS2 
JS2-US2 
JS3-DS3 
JS3-US3 
Number 
cases 
18 
18 
18 
18 
18 
18 
Mean 
3.29 
28.27 
2.70 
31.21 
3.86 
35.05 
Corr. 
coeff. 
0.99 
0.76 
0.99 
0.81 
0.97 
0.80 
t-value 
5.49 
16.49 
3.14 
19.04 
3.03 
18.90 
Ρ 
0.000 
0.000 
0.006 
0.000 
0.008 
0.000 
i t should be possible, in p r i n c i p l e , to explain t h e la t ter d iscrepancy, which 
implies t h a t the judgements are s l ight ly "steeper" than the down s t r o k e s . 
The calculation has been based on t h e average direct ion of the down 
strokes This might involve a certain amount of e r r o r because the la t ter 
average is not necessarily the average of the down strokes that were 
considered by the subjects. From the subjects' reports fol lowing t h e 
experiment it appeared indeed that the subjects paid special attention to 
"the long down strokes" (extenders) and to " the general p i c t u r e " of t h e 
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manuscript as a whole. It is m principle possible to detect in which part 
of the distribution of all down strokes the long down strokes are situated, 
and to make a better approximation of the judged slant on the basis of this 
estimate. In most of the letters containing extenders it may indeed be the 
case that the extenders themselves have the steepest down strokes. 
Moreover it is of interest to know to what extent the down strokes, which 
involve a greater pen pressure, have been produced with wider lines, so 
that they may exert a larger influence on the judgement. An opposite 
effect is caused, however, by the fact that the total length of all the down 
strokes is less than the length of all up strokes. (Their vertical 
components are identical, but the horizontal components of the up strokes 
are larger). The mean direction of the long down strokes will probably be 
a better estimate of slant, as we discussed above, but a different 
possibility is to work out a measure m which pressure exerted by the index 
finger on the pen is also incorporated. 
4. Cenerai discussion 
Experiment 1 and Experiment 2 show that, for nghthanded people, the 
down strokes m handwriting play a very dominant role, both in production, 
where they change less as a result of changes m horizontal spacing, and m 
slant judgements, where they appear to determine perceived slant to a much 
greater extent than the up strokes. The latter difference in judged slant 
is observed in spite of the fact that the total length of down strokes is 
approximately 10 to 40 percent smaller than de length of up strokes The 
observed dominance of down strokes is presumably explained, in part, by 
the influence of writing education, which spends a large amount of effort on 
constancy, especially m the shapes of the letters themselves, which m many 
cases are characterized more by the down strokes than by the up strokes 
Obviously, in history, of both handwriting and handwriting education, the 
construction features of the writing stylus (especially, of course, the pen) 
have been of great importance But most likely, however, the specific 
motor aspects of handwriting play a predominant role. Thus, another part 
of the explanation may be given by the dynamic properties of f ingers, 
hand, wrist and (lower) arm, in the sense that complexity is preferably 
held as low as possible. Isolated flexion of f ingers, without involvement of 
other joints, might possibly coincide with the relative constant direction of 
down strokes. The question remains, however, why such flexion movements 
should behave in such a dominant fashion. From the results obtained in 
the present study it is obvious that writ ing more widely, ι е., under 
increased horizontal progression, is brought about m a process operating 
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mainly d u r i n g the up s t r o k e s , such that the temporal p a t t e r n is h a r d l y 
af fected. Under condit ions of increased progression only a re lat ively small 
increase of w r i t i n g time was observed. It is the authors ' impression that 
the amplitude of the (potent ia l ly more rapid) w r i s t movement has increased, 
which may indeed produce the requi red h igher absolute velocity under 
unchanged t i m i n g . The (slower) f i n g e r movements, which p r i m a r i l y 
determine the accurate height of h a n d w r i t i n g and the c o r r e c t let ter shapes 
themselves, were r e q u i r e d to remain constant in the present experiment as 
a consequence e i ther of the instructed height or of the task to w r i t e 
l e g i b l y . Exactly these motor components might then be re lat ive ly less 
subject to changes under increased progress ion. The dynamic interp lay of 
f i n g e r movements, w r i s t movements, and the slow horizontal arm movement, 
inc luding the u n d e r l y i n g motor programs, are in need of f u r t h e r s t u d y 
The relat ionship between the latter and the visual features of h a n d w r i t i n g 
form an i n t e r e s t i n g new aspect of th is research. 
Appendix A 
For the analysis of h a n d w r i t i n g a program l i b r a r y MOTPAK is being 
developed. Of a number of programs prel iminary versions have been 
adopted f o r the data processing in Experiment 1 Namely 
FILES: This program reserves d i r e c t access data f i l e s , f ixes parameters 
such as session l e n g t h , sampling t ime, date, beginn ing and end 
of processing etc , and it records the data of the subject into the 
f i l e s . 
XYMIJK Records data f o r cal ibrat ion 
XYMDAF: Recording of Χ, Y and Ζ data of a session in an exper iment. 
Length etc. have f i r s t been f i x e d by means of FILES. 
SCALES: Used f o r t ransformat ion of the data by means of the data 
recorded by XYMIJK. 
SCISSO: This program removes possible e r r o r s m the data due to hardware 
e f f e c t s . I t make use of a screen and an adjustable c u r s o r that 
marks the beginning and the end of the data points to be 
c o r r e c t e d . 
PLOTF: Used f o r f i l t e r i n g ( l ) , for the calculation of polar d i s t r i b u t i o n 
f u n c t i o n s ( 2 ) , f o r the calculation of the up and down strokes ( 3 ) , 
the representat ion of data on the screen or p l o t t e r ( 4 ) . 
The above programs are available under the operat ing system RT-11 and 
t h e y make use of an XY-tablet, a graphics d isp lay, push buttons and 
potent iometers. The majority of the programs is also implemented under the 
operat ing system U n i x , in which the screen has been replaced by a p l o t t e r . 
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Appendix В 
The exact relat ionship between the relat ive changes in horizontal spacing on 
t h e one hand and angle changes of the up and down strokes on the other 
can be invest igated. This requires the def in i t ion of the fol lowing var iables: 
X U : component of up s t roke 
d X U : increase of horizontal component of up stroke 
YU: ver t ica l component of up stroke 
X D : horizontal component of down st roke 
d X D : increase of horizontal component of down stroke 
YD vert ica l component of down stroke 
DS d i rect ion of down stroke m radians 
dDS: increase of DS in radians 
US. d irect ion of up stroke in radians 
dUS: increase of US m radians 
X H : horizontal displacement d u r i n g one up and one 
compensating down stroke 
d X H : increase of XH 
For XH and dXH the fol lowing expressions can be der ived 
XH = XU • XD = YU.cotg(US) • YD.cotg(DS) 
and 
dXH = dXH * dXD = ( - Y U / s i n 2 ( U S ) ) dUS • ( - Y D / s m 2 ( D S ) ) .dDS 
S u b s t i t u t i n g values f o r YU, YD, US, DS, dUS and dDS the relat ive 
increase dXH/XH can be calculated In h a n d w r i t i n g it may be assumed that 
th e mean of all vert ica l components involved in all the up and down 
strokes is zero. If it holds, moreover, that the d i s t r i b u t i o n of the up 
strokes is the same as that of the down s t r o k e s , which seems a reasonably 
approximation of real i ty in slanted h a n d w r i t i n g , then we may state YD=-YU. 
This implies that f o r every down stroke a compensating up stroke can be 
f o u n d . If we subst i tu te the formulae, worked out above, as fol lows -
US=0 712 (40 79 d e g r e e s ) , DS=4 39 (251 4 d e g r e e s ) , dUS=0 115 (6 58 
d e g r e e s ) , and dDS=0 052 (2 96 d e g r e e s ) , which are the mean values 
obtained m Experiment 1 for normal h a n d w r i t i n g and for changes from 
normal to wide, then we f i n d for dXH/XH=0 26 This implies that the 
average width of all manuscr ipts, i g n o r i n g i n t e r - w o r d spaces, has increased 
26 p e r c e n t . 
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SIGNAL PROCESSING AND HANDWRITING MOVEMENTS: 
APPLICATIONS IN RESEARCH AND EDUCATION 
From the preceding chapters it is clear that quantitative and model-oriented 
handwriting research requires several specific methods and apparatus. The 
present chapter will be devoted to these requirements. For the recording of 
handwriting movements an XY tablet connected to a computer system Is 
essential. For deriving quantitative features of handwriting, which are 
generally based on time functions of X and Y, and for the attenuation of 
signal noise, various signal-processing techniques are needed. Furthermore, 
powerful graphics facilities are a necessity in advanced handwriting 
research. The overview that will be presented below deals with methods 
and analysis and with apparatus that have been developed and installed in 
the frame work of the requirements set by the psychomotor research going 
on in the authors' laboratory. The chapter also touches upon some examples 
of applications in education and psychomotor diagnostics. 

Signal processing of handwr i t ing movements. Appl icat ions 103 
Signal processing of handwriting movements: 
Some applications in research and education1 
Frans J . Maarse and Hans-Leo Teulmgs 
Abstract 
Apparatus and methods fo r recording and processing handwr i t ing movements 
by means of a computer-contro l led d ig i t izer (XY Tablet) are discussed It is 
shown tha t the presence of measurement noise in the sampled movements 
necessitates the adoption of h igh sampling frequencies m combination wi th 
low-pass f i l t e r i n g , especially if time der ivat ives are to be estimated. 
However, increasing the sampling f requency beyond some cr i t ica l value does 
not improve the s ignal - to-quant izat ion-noise ratio unless the raw samples 
are preprocessed by summing over groups of samples. In o rder to cor rec t 
fo r the nonsimultaneous sampling of the X and the Y coordinates, a second 
type of preprocessing is requ i red , viz l inear in terpo la t ion. Subsequent ly , 
procedures are descr ibed fo r detect ing s t rokes, words and new lines and 
also procedures f o r de r i v i ng wr i t i ng s lant , p re fe r red direct ions of f i nge r 
and wr is t movements, and various t ransformat ions on specimens of 
handwr i t i ng . F inal ly , some applications of these signal processing 
techniques in handwr i t ing research, to psychomotor assessment, and to 
handwr i t ing education are presented. 
/ . Introduction 
Research in the area of f ine motor ski l ls such as handwr i t ing has a long 
h is tory (Bauer et a l . , 1969; Crawshaw t Ottaway, 1977; Denier van der 
Gon & T h u r m g , 1965; Drever , 1915; Fradis & Gheorghi ta-Sevastopol , 1969; 
Grunewald & Koster, 1960, Katz, 1951, McAl l is ter , 1900; Michel, 1971; 
Prablanc & Jeannerod, 1973; Sc r ip tu re , 1895, Stemwachs t Barmeyer, 
1952) In the course of th is h i s to ry , var ious kinds of movement record ing 
devices are employed Dur ing the last decade, d ig i ta l computers and a 
va r ie ty of i n p u t / o u t p u t devices have become available fo r movement 
research. They allow the accurate recording and automatic processing of 
movement pat terns I t is now feasible to ca r r y out large-scale handwr i t ing 
1
 This chapter is a compilation of three publ icat ions* Maarse, Teulmgs 
and Bouwhuisen (1985), Maarse, Thomassen and Teulmgs (1985); and 
Teulmgs and Maarse (1984) 
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experiments designed for as many as 10,000 t r ia ls while each t r i a l , 
comprising hundreds of pen-posit ion coordinate pa i rs , may yield tens of 
data items l ike durat ions and top speeds of ind iv idual up or down strokes 
(e g , Teu lmgs , Thomassen en van Galen, 1983, Stelmach & Teu lmgs, 
1983) It is also feasible to estimate parameters based on as many as 10,000 
seconds of continuous handwr i t ing (Maarse & Thomassen, 1983) 
Fur thermore, computer-assisted t r a i n i n g , where the subject receives 
feedback on a specific movement character is t ic , can now be realized (e g , 
Sevik & Teu lmgs , 1983, Maarse, Teu lmgs , & Thomassen, 1985) This 
chapter surveys the apparatus used and some of the d ig i ta l recording and 
processing techniques employed at the authors laboratory A selection of 
available dedicated software for handwr i t ing research is presented m 
Appendix A Also some suggestions for applications in psychomotor 
diagnost ic tests and in the pr imary school handwr i t ing curr icu lum are 
presented 
2. Apparatus 
The apparatus used for psychomotor research of handwr i t ing often includes 
a computer, a d ig i t izer or XY tablet wi th a pen, a video screen, and a 
p lo t ter The handwr i t ing movement is recorded by means of the pen on the 
XY tablet When connected to the computer the posit ion of the pen can be 
detected quasi cont inuously In the next th ree sections some general 
features and technical requirements of the XY tab le t , the pen, and the 
computer conf igurat ion are br ie f ly descr ibed On the one hand the 
requirements are der ived from signal-processing theory and on the other 
hand they are based on psychomotor experiments 
2.1. The XY tablet 
An XY tablet (also called d ig i t izer or w r i t i n g tablet) can be compared wi th 
mil l imeter paper on which is wr i t ten w i th a special pen However, the most 
important d i f ference is that i t is automatized and that the spacing of the 
lines (accuracy) is very f ine It can be as small as 0 1 mm These lines are 
invis ib le to the user Moreover, the w r i t i n g is produced on a normal sheet 
of paper which is placed on (and attached to) the w r i t i ng tablet The tablet 
uses a g r i d wi th a horizontal X axis and a ver t ica l Y axis fo r the detection 
The size of an XY tablet varies from 100x100 mm to over a 1000x1000 mm 
Its th ickness is approximately 20 mm The XY tablet is capable of locating 
very accurately the posit ion of the pen on the tablet By choosing an 
adequate sampling rate (e g , 100 Hz) the handwr i t i ng movements can be 
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recorded accurately m a series of X and Y coordinates. For h a n d w r i t i n g 
research i t is often important also to s t u d y the movements above the paper 
and t o know when and where the pen is above the paper and when and 
where it is on the paper. In many research quest ions, moreover, the pen 
pressure exerted on the pen point ( the so called Ζ coordinate) is also of 
importance. 
2.2. The pen 
The pen suppl ied wi th commercial XY tablets is usually larger and heavier 
than a common bal l-point sty lus There is also a wire at the top of the pen 
for data transmission to the computer. The pen can be designed to receive 
signals from the XY tablet or to send signals to the XY tablet needed f o r 
der ivat ion of the pen posit ion (X and Y coord inates) . Detailed w o r k i n g 
pr inciples are not f u r t h e r described here, b u t can be found in the 
documentation of the used XY tablet The pen usually has a mechanism f o r 
a certa in classif ication of recording of data in the t h i r d ( Z) dimension. 
This can, f o r instance, take the fol lowing f o r m s - pen is on the paper, 
almost on the paper, or (too) f a r away from the paper. Specific f o r 
h a n d w r i t i n g research, there are models w i t h the capabi l i ty to record the 
pressure applied in the pen point A disadvantage is t h a t the axial pen 
pressure is s t r o n g l y related to the angle between the pen and the w r i t i n g 
surface. This angle appears to v a r y between w r i t e r s from 45 to 90 degrees. 
Therefore meaningful comparisons between subjects can only be made a f t e r 
correct ion f o r the angle between pen and paper 2 or af ter some other form 
of normalizat ion, depending on the research question Certain pens are 
constructed m such a way t h a t the pen point axis is more or less ver t ica l 
on the w r i t i n g paper (Crane t Ostrem, 1983) These pens, however, 
i n t e r f e r e w i t h natural h a n d w r i t i n g movements; t h e r e f o r e they not 
recommended for most psychomotor experiments Commercial pens sometimes 
r e s t r i c t the view on the w r i t i n g surface a n d , as s tated, t h e i r styluses are 
often also t h i c k e r and heavier than that of normal pens. The ref i l l of an 
XY sty lus is regular ly one of an o r d i n a r y bal lpoint . Exchange of ref i l ls 
should be simple and should never affect accuracy. 
2
 Maarse, Janssen and Dexel ( I n p r e p . ) recent ly presented a method f o r 
d e r i v i n g the angle between pen and w r i t i n g surface obtained from signals 
of the XY tablet 
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2.3. The computer and peripherals 
The minimum requirements fo r the computer are d i rec t ly related to the 
intended appl icat ion. If only short recordings of handwr i t ing are needed, 
then a micro computer wi l l do But if du r i ng recording other funct ions have 
to be per formed, such as saving data on disk to allow larger , un in te r rup ted 
record ings, then a larger computer conf igurat ion may be required The 
requirements are even h igher , when parallel to recording and saving on 
d isk , feedback on a display is desired In th is case, which applies to many 
psychomotor exper iments, the recorded data have to be processed in real -
t ime. 
To be able to inspect the handwri t ten pa t te rns , e i ther as they are being 
per formed, or as they were stored m memory, as well as various der ived 
funct ions such as veloci ty and accelerat ion, a graphical display is 
necessary. Ve ry advanced graphic displays can produce an image in a few 
mill iseconds An o rd ina ry computer terminal w i th addit ional graphic features 
may, however, st i l l need several seconds to produce an image on the 
screen. The resolut ion of the screen may be between 200 lines (which y ie ld 
st i l l ra ther rough graphs) and 4000 lines For handwr i t ing research a 
minimum resolut ion of 500 lines is required On graphic displays cursors or 
land marks, control led by buttons on the keyboard or by special t u r n i n g 
knobs, can be moved along the reproduced handwr i t ing trajector ies and 
simultaneously along the der ived time funct ions This allows interact ive 
explorat ion and analysis of handwr i t ing It is often desirable to reproduce 
on paper the or ig inal handwr i t ing and related time funct ions A p lot ter can 
be used fo r th is purpose The accuracy of such a p lo t ter should be bet ter 
than 0 1 mm. 
3. Recording of handwriting 
This paragraph wil l elaborate in greater detai l on the signal processing 
aspects of handwr i t ing movement record ing and analysis. In general , the 
recording of the handwr i t ing should be done in such a way that f i r s t , 
second and t h i r d der ivat ives can be estimated wi th suf f ic ient accuracy. The 
most important questions concerning the sampling process are -
- What is the requ i red sampling rate in relation to the bandwidth of 
handwr i t i ng 7 
- What is the requ i red resolving power ' and accuracy of the XY tab le t . 
1
 We def ine the resolution as the number of d ist inguishable lines of the 
whole XY tab le t , the resolving power as the number of lines/mm and the 
accuracy as the e r ro r m measured pen posi t ion. 
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Subsequent to the sampling procedure only the values of X and Y posit ion 
in the sample points are known. To the inaccuracy due to th is data 
reduct ion we refer as discretization error. The inaccuracy as a resul t of 
the analog-digi ta l conversion of the pen pos i t ion, mostly t runcat ion e r ro rs 
due to the l imitations in resolv ing power of the XY tab le t , wi l l be re fer red 
to as quantization error. Fur ther sources of accuracy are changes in angle 
between pen and w r i t i ng surface and the amsochroneous sampling of X and 
Y coordinates In addit ion to these inaccuracies there are several unknown 
e r ro r sources This ensemble of sources wi l l be re fe r red to as noise. 
These inaccuracies wi l l be discussed in the next few sections in terms of 
sampling f requency and resolv ing power of the XY tab le t . 
3.1. Discretization error 
If there are only d iscret izat ion e r ro rs t h e n , according to the theorem of 
Shannon (1949), the minimum sampling f requency f should be 2W, where W 
is the highest occur r ing f requency in the or ig inal signal Frequency 
analysis of handwr i t ing (Teulmgs t Maarse, 1984) shows tha t the bandwidth 
of handwr i t ing is l imited to approximately 10 Hz. If the sampling f requency 
fo = 2W is selected t h e n , theoret ica l ly , the or ig ina l signal can be 
reconstructed wi thout loss of information b y : 
s i n [ iT ( f t - k ) ] 
x ( t ) = I x ( k / f ) [1] 
k=— i r ( f t - k ) 
The drawback of th is method of reconstruct ion is tha t its performance is 
not feasible on dig i ta l computers The number of requ i red computations is 
to g rea t . In pract ice, there fo re , the number of computations and the 
discret izat ion e r ro r are reduced by selecting a sampling rate that is f i ve to 
ten times higher For handwr i t ing th is would y ie ld 100 to 200 Hz. This 
enables a fast reconstruct ion simply by a l inear interpolat ion between the 
sampling po in ts . 
3.2. Quantization error 
When d ig i t i z ing the pen posit ion there is always a d i f fe rence between the 
real pen posit ion and the recorded pen posi t ion. This d i f fe rence, the 
quant izat ion e r r o r , is a resul t of the f i n i te resolv ing power of the XY tablet 
and /o r the AD-conver to r . Assuming that the resolv ing power of the XY 
tablet is q , then the standard deviat ion of the quant izat ion e r ro r is 
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((72/12) Condit ion is that the sampling points are independent 
Quantizat ion e r r o r can be reduced by increasing the internal sampling 
f r e q u e n c y of the XY tablet and averaging N sampling points to determine a 
single sampling point In t h e o r y , the resolution then becomes q/H and the 
s t a n d a r d deviat ion of the quantizat ion e r r o r is reduced with a factor 
(1/N) This improves accuracy cons iderably , which is desirable m 
h a n d w r i t i n g research, especially when q > 0 1 mm It is clear that the real 
sampling rate of the XY tablet is N times h igher than the apparent sampling 
f r e q u e n c y A t a sampling f requency of 100 Hz and N=16 the internal 
sampling f r e q u e n c y should be 1600 Hz' A problem that can arise is that the 
f inal averaged sampling point is not s i tuated on the or ig ina l c u r v e If f o r 
instance the N points would be situated on a c i rc le and form a regular N-
angle, then t h e i r average wil l be the center point of the c irc le Teulmgs & 
Maarse (1984) calculated that at a sampling f r e q u e n c y of 100 Hz these 
e r r o r s are small and can be ignored 
3.3. Noise errors 
Many h a r d - t o - d e s c n b e e r r o r s of several sources are st i l l manifest in the 
h a n d w r i t i n g signal when using an XY tablet These nonsystematic e r r o r s 
are labeled as noise. Its average value is zero by def in i t ion and its 
s t a n d a r d deviat ion wi l l have a certain value о If we assume that 
h a n d w r i t i n g yields a more or less periodic signal wi th a f requency fo and 
amplitude A, then the signal-to-noise rat io is SNR = A V ( 2 o 2 ) Basing 
themselves on the work of Lanshammer (1982), Teulmgs en Maarse (1984) 
d e r i v e d the fol lowing relation between f , W, f o , SNR, and SNR^ 
f 1 W 2 k S N R k 
- > [ 2 ] 
2W 2k + 1 f 0 SNR 
in which f is the sampling f requency and SNR·^ the signal-to-noise ratio m 
th e estimated kth d e r i v a t i v e With the use of th is re lat ion, SNR^ can be 
estimated at a certain sampling f requency and the reverse If, for instance, 
we r e q u i r e that SNR = SNR. , ι e , the s ignal-to-noise rat io of its /cth 
d e r i v a t i v e is equal to that of the or ig inal s i g n a l , and if we choose k=2, 
W=10 Hz, fo=5 Hz then we f i n d for f/2W=3 2 This is the so-called over-
sampling rat io In t h i s case the sampling f r e q u e n c y becomes 64 Hz It 
should be obvious that m the formula f/2W increases r a p i d l y wi th W and fo 
If W=20 Hz then f=2048 Hz' 
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3.41. Amsochroneous sampling 
In the most ideal si tuat ion X and Y are sampled at the same time. However 
th is is not the case wi th most XY tablets If the di f ference m t ime, between 
the two moments m time where X and Y are sampled, is relat ively shor t 
compared to the time interval between two samples then er ro rs due to time 
d i f ference, between X and Y , can be ignored Another problem is that the 
durat ion of a sampling process depends on the pen position of X and /o r Y. 
These problems can usually be corrected by l inear interpolat ions and 
extrapolat ion towards the same time-sampled points The X and Y values 
then become available at most one sampling-t ime interval later . In most 
cases, th is delay creates no problems However, these calculations create an 
addit ional real-t ime load on the computer 
3 .5 . Pen construction and writing angle 
Maarse, Janssen and Dexel ( in prep ) describe e r ro r sources due to pen 
construct ion and changes of angle between w r i t i ng surface and pen They 
calculate that er rors up to 0 2 mm can occur du r i ng normal w r i t i ng of 4 mm 
high characters if the distance between wr i t i ng surface and sensing wires 
m the XY tablet is 2 mm By measuring the angle between pen and XY 
tablet these er rors can often be corrected The angle can be estimated by 
using signals wi th in the XY tablet 
3.6. Conclusion on sampling frequency and resolution 
We saw tha t , in order to be able to reduce the discret izat ion e r r o r , a 
sampling f requency of 100 to 200 Hz is advisable. In order to cope wi th 
noise e r ro r , the sampling f requency should be more than 64 Hz. 
Fur thermore, the requi red sampling f requency appears to depend on the 
resolution of the XY tablet A s ignal- to-noise ratio of 100 seems necessary 
for the estimation of the second der iva t ive The resolution of the XY tablet 
should then be approximately 0 1 mm and the real sampling f requency 
should be at least 100 Hz 
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Ц. Analysis 
This paragraph deals w i t h some general signal processing techniques and 
some of t h e i r applications in h a n d w r i t i n g research In the f o u r fol lowing 
sections Fast-Fourier T r a n s f o r m ( F F T ) , f i l t e r i n g , and estimation of pass-
band f r e q u e n c y , time d e r i v a t i v e s , and some other funct ions are d e s c r i b e d . 
4.1. Fast-Fourier transform (.FFT) 
An important tool f o r analysing complex signals is the discrete Fourier 
t r a n s f o r m . For numerical w o r k , var ious f a s t - F o u r i e r t ransform (FFT) 
algorithms have been developed (e g , FFTs based on polynomial 
t r a n s f o r m s , Winograd a lgor i thms. Good algorithms or radix-4 a lgor i thms, see 
Cooley & Dolan, 1979) The Fourier t r a n s f o r m assumes that the signal 
repeats itself f l u e n t l y af ter an algor i thm-dependent number of samples In 
normal h a n d w r i t i n g , the beginning and end of the movement pat tern may be 
spat ial ly f a r apart and the number of samples is general ly not appropr iate 
f o r f a s t - F o u r i e r t ransformat ions In o r d e r to solve both these problems, one 
can append the signal w i t h an extrapolat ion f u n c t i o n which smoothly 
connects the beginning and the end of the X and Y time f u n c t i o n s . One can 
also remove the l inear t r e n d (along the l ine, m the r i g h t w a r d d i r e c t i o n ) , so 
that the coordinates o* the f i r s t and the last sample coincide, and correct 
af terwards for this d e t r e n d m g in a way which depends upon the t y p e of 
operations performed in the f r e q u e n c y domain (Wood, 1982) In short 
h a n d w r i t i n g t r i a l s , the pen is at rest at the s t a r t and at the end of the 
record ing p e r i o d , so that appending a half-cosine wave can make the signal 
cycl ic in a continuous way I f , on the o t h e r h a n d , the beginning or the 
end of the sampling period happen to occur d u r i n g a pen movement, a 
t h i r d - o r d e r polynomial may be constructed to meet the requirements In the 
la t ter case, the exact course of the movement outside the sampling per iod is 
st i l l u n c e r t a i n , so that both ends of the processed signal may be unrel iable. 
Moreover, the extrapolat ion f u n c t i o n cannot be made a r b i t r a r i l y short since 
it should not resul t in h i g h - f r e q u e n c y components that have to be f i l t e r e d 
out in subsequent data processing 
4.2. Filtering 
The FFT applied to the h a n d w r i t i n g signal ( h a v i n g been made cycl ic) yields 
a (complex) f r e q u e n c y spectrum The inverse FFT would yield the or ig inal 
signal again But before the inverse FFT is applied the complex spectrum is 
mul t ip l ied by some real low-pass f requency c h a r a c t e r i s t i c . This procedure is 
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F i l t e r e d (8 Hz) 
Figure 1. Smoothing of the word nijmegen by f i l t e r i ng 
equivalent to wel l -known time-domain smoothing procedures which use 
convolution wi th a smooth window (apart from the fact tha t the window 
width is l imi ted, y ie ld ing a f in i te- impulse response or FIR f i l t e r ) whose 
shape equals the inverse Fourier t rans form of the f i l t e r - f requency 
character is t ic (see Figure 1) . 
The ideal low-pass f i l t e r gam is 1 (passband) fo r all low-f requency 
components which are supposed to be re levant , and 0 (stopband) fo r all 
i r re levant h igh- f requency components. It is possible to realize a sharp 
t ransi t ion between passband and stopband, but th is way of smoothing would 
introduce oscil lations (Gibbs phenomenon) at ab rup t movement changes, 
especially m estimates of time der ivat ives By Teulmgs and Maarse (1984) i t 
was shown tha t an optimal t rans i t ion band which introduces only one Gibbs-
oscil lation phase consists of a sine that f l uen t l y connects the passband and 
the stopband while the total width of the t rans i t ion band is 8/3 of the 
passband. In pi lot studies the present authors found tha t also time-domain 
smoothing windows (F lR - f l i t e r s ) that are designed w i th a 8/3 ratio between 
t ransi t ion bandwidth and pass bandwidth (Rabiner & Gold, 1975) show 
112 Chapter 6 
J I I I I 
0 5 10 15 20 25 
Frequency (Hz) 
Figure 2 Average amplitude spectrum of the velocity-t ime funct ions 
(sampling f r e q u e n c y is 100 Hz) 
re lat ively few Gibbs oscil lations The question now ar ises, which passband 
f requency should be selected m order to obtain unbiased estimates 
4.3. Passband frequency 
As can be seen from equation 2, the signal-to-noise ratios of estimates of 
time der ivat ives decrease sharply as the supposedly highest relevant 
f requency IV increases Thus it is v e r y important to estimate the highest 
relevant f r e q u e n c y accurately It is not t r i v i a l to determine th is highest 
relevant f r e q u e n c y , since the power-frequency spectra due to movement and 
due to noise cannot be separated stat is t ica l ly , in analogy to the design of a 
Wiener f i l t e r In p a r t i c u l a r , an unbiased ensemble average of a specif ic 
h a n d w r i t i n g p a t t e r n cannot be determined because local temporal 
accelerations and retardat ions m replications of a movement pat tern result 
in asynchrony between ensemble members 
In F igure 2 an estimate of the amplitude spectrum of h a n d w r i t i n g velocity 
is depicted The amplitude spectrum is based on 600 adjacent segments of 
h a n d w r i t i n g f rom 20 subjects who were copying a 2 56-minute prose t e x t at 
a relaxed pace Sampling f requency was 100 Hz Each 512-sample segment 
was made cycl ic using a half-cosine wave and af ter m u l t i p l y i n g w i t h a 
Hamming window a 1024-point FFT was applied Subsequent ly, the spectral 
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components were mult ip l ied by t h e i r f r e q u e n c y m order to ampli fy the h i g h -
frequency p a r t , thus y i e l d i n g the spectrum of the movement ve loc i ty . In 
order to reduce effects due to o u t l i e r s , the absolute values of the spectra 
were averaged, which results in an estimate of the amplitude s p e c t r u m . 
This procedure resembles the Welch (1967) method except that the amplitude 
spectrum is estimated instead of the power spectrum We see t h a t the 
amplitude spectrum asymptotical ly approaches a f l a t noise spectrum at about 
10 Hz. 
Since h a n d w r i t i n g movements appear to possess important f r e q u e n c y 
components at about 5 Hz, i t is remarkable that components of 10 Hz and 
other multiples of 5 Hz ( i . e , the second and higher harmonics) do not 
seem to be p a r t i c u l a r y represented in h a n d w r i t i n g (see F igure 2 ) . 
Obviously, h a n d w r i t i n g viewed as a f u n c t i o n of time contains less r e p e t i t i v e 
and bumpy movement pat terns t h a n , f o r example, g a i t , which has a 
spectrum showing of the o r d e r of 10 harmonics (e g . , Lanshammar, 1982; 
Wood, 1982). The absence of h igher harmonics in h a n d w r i t i n g movements 
merely suggests that parts of the h a n d w r i t i n g signal may be approximated 
by a phase-modulated s ignal . One can show that wi th real ist ic modulation 
parameters the spectrum would indeed be confined from 0 to 10 Hz (see 
Teulmgs & Maarse, 1984) 
A low-pass f i l t e r having a f lat passband up to about 10 Hz should 
therefore be chosen. B u t , if the f i r s t or the second time d e r i v a t i v e has to 
be calculated, lower pass-band frequencies may be necessary m o r d e r to 
obtain a reasonable compromise between the signal-to-noise ratio of the 
estimated time d e r i v a t i v e and bias of the estimate due to oversmoothmg. 
4 . 4 . Time derivatives and other functions 
Often in h a n d w r i t i n g research, velocity and acceleration time funct ions of X 
and Y are requi red f o r analysis and detection of s t r o k e s , w o r d s , l ines, and 
several other funct ions (see 5.) An estimation of the desired time funct ions 
can be combined wi th a smoothing p r o c e d u r e . In the frequency-domain 
method, an unbiased estimate of the time d e r i v a t i v e can be determined by 
mul t ip ly ing the components of the complex spectrum by t h e i r corresponding 
frequencies (actual ly by j2Tif where j= / ( - 1 ) ) p r i o r to a p p l y i n g the inverse 
FFT (e g . , Papoulis, 1977). 
Besides posi t ion, the most relevant f u n c t i o n s m motor research are X 
and Y velocity ( ι е . , the f i r s t time d e r i v a t i v e ) , acceleration ( i . e . , the 
second time d e r i v a t i v e ) , and the absolute ve loc i ty . F igure 3 shows the 
word mjmegen w i t h time funct ions and polar plot of t r a j e c t o r y . This polar 
plot is determined m the fol lowing way. Of each t r a j e c t o r y segment between 
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Figure 3. X- and Y-ve loc i t ies, absolute veloci ty and acceleration wi th polar 
plot of t r a j e c t o r y . 
two successive sampling p o i n t s , the length and direct ion were determined. 
Off all segments of the word nijmegen a d i s t r i b u t i o n can be made as 
f u n c t i o n of the d i r e c t i o n . From the f i l t e r e d X and Y velocities the direct ions 
can be estimated on a sample-by-sample basis. If we take c o n t i n u i t y into 
account, th is f u n c t i o n integrates the angle across which the velocity vector 
has been rotated from some s t a r t i n g point ( the " r u n n i n g angle", c f . 
Teulmgs t Thomassen, 1979; Thomassen fc T e u l m g s , 1979). Its time 
d e r i v a t i v e is known as the angular f r e q u e n c y or angular ve loci ty. The 
angular f requency may also be estimated from the inner product between 
the normal of the velocity ν and the acceleration a vectors, v i z . , 
(v a 
χ y Vx) / (%2 + У 2 ) [ 3 ] 
F inal ly, c u r v a t u r e ( i . e . , the inverse of c u r v e radius) is determined by 
angular f r e q u e n c y d i v i d e d by absolute v e l o c i t y . 
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5. Application in writing research 
Based on the s ignal-processing techniques descr ibed m the previous 
paragraph as fas t -Four ie r t rans fo rm, f i l t e r i n g , and der ivat ion of veloci ty 
and acceleration of X and Y time func t ions , several specific handwr i t ing 
features can be de r i ved . This paragraph presents some examples as -
detection of s t rokes , words , and l ines, regeneration of handwr i t i ng , 
estimation of w r i t i n g s lant , direct ions of ef fector coordinate systems, and 
some t ransformat ions on handwr i t ing specimens. 
5.1. Detection of strokes 
Dur ing handwr i t ing the pen moves at g reat ly d i f fe ren t speeds, from zero 
veloci ty at sharp bends to a velocity of up to 100 mm/s near to the middle 
of long, s t ra igh t ex tenders . Now, if we def ine strokes here as small parts 
of handwr i t ing between two minima in the ve loc i ty , we may regard any 
specimen of handwr i t ing as bui l t up of successive strokes One can define 
strokes using the minima m the absolute veloci ty and independent strokes 
m X and Y di rect ions by minima m absolute X and Y ve loc i ty , or af ter 
t ransformat ion, m direct ions of any other desired coordinate system. In 
psychomotor handwr i t ing research strokes are used as smallest meaningful 
segments or units wi th specific performance character ist ics There fo re , 
var ious algori thms have been developed to detect strokes For th is purpose, 
f i r s t the X and Y signals have to be d i f ferent ia ted and low-pass f i l t e red , to 
determine the velocit ies in X and Y d i rec t ion . In o rder to detect minima m 
the absolute ve loc i ty , several manual and semi-automatized systems have 
been developed, using a graphic display and a dial knob, so that cursors 
can be moved over the handwr i t ing t ra jec to ry and its related time funct ions 
(see Bouwhuisen, Maarse, & Teu lmgs , 1985) 
5.2. Detection of words and lines 
If strokes are considered to be the smallest meaningful un i ts , words may be 
regarded as the largest units in the present stage of handwr i t ing research 
It is essential that words can be detected and isolated for analysis. For 
selecting words f rom a long continuous handwr i t ten tex t several methods 
have been developed They are based on peaks in veloci ty m posit ive X , 
wi th X beyond a recent X maximum while the pen is above the paper For 
the detection of a l i ne - re tu rn movement to the leftmost beginning of the 
tex t l ine, veloci ty peaks m negative X d i rect ion wi th an X value much lower 
than a recent X maximum can be used 
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Figure 4 Velocity funct ions of nijmegen. Top· the or ig inal Middle - the 
recontructed word wi th t r iangle-shaped velocities Bottom· f i l t e r e d 
wi th 4 Hz low-pass FIR f i l t e r 
S.3. Regeneration of handwriting 
If we r e g a r d h a n d w r i t i n g as composed of strokes in two direct ions ( e g . , X 
and Y ) , one could imagine that h a n d w r i t i n g is produced as a series of 
strokes or bal l ist ic movements, one f o r each s t r o k e , m both X and Y 
d i r e c t i o n . The strokes in X and Y d irect ion are produced idependently and 
simultaneously. Assuming that the general veloci ty p a t t e r n w i t h i n a stroke 
is always known and u n i f o r m , then the process of h a n d w r i t i n g can be 
reconstructed by two such series of strokes In Figure 4 the word 
nijmegen is spl i t up into X and Y strokes and reconstructed by means of 
strokes w i t h a t r i a n g u l a r velocity p a t t e r n . Also a f i l t e r e d version is 
presented. This f i l t e r is used to simulate the l imited bandwidth of the 
per ipheral w r i t i n g system consist ing of w r i s t , hand and f i n g e r s . The word 
nijmegen has o r i g i n a l l y been sampled at 100 Hz and it has about 300 sample 
points ( ι е . , 600 coordinate values or parameters) . In the r e c o n s t r u c t i o n , 
25 strokes f o r X and 25 f o r Y are used. Besides a few global parameters 
f o r s t roke d e f i n i t i o n , every stroke is coded using two parameters, namely: 
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Figure 5 Polar diagram of t ime, length and velocity of the word nijmegen 
of Figure 1. 
s t a r t i n g time and size. T h u s , f o r X and Y t o g e t h e r , only about TOO 
parameters are requi red From a signal processing point of v iew, such 
coding is t h e r e f o r e v e r y ef f ic ient (see also Plamondon Ь Lamarche, 1986). 
Indeed, according to the theorem of Shannon (1949), 120 parameters would 
be needed for sampling X and Y d u r i n g 3 seconds, if W = 10 Hz. One can 
use the same technique on strokes based on zero crossings in the 
acceleration and s u b s t i t u t e synthet ic force impulses f o r r e c o n s t r u c t i n g the 
or ig inal h a n d w r i t i n g . In such a force-based segmentation and regeneration 
procedure, the number of strokes is almost the same as t h a t of the 
previously described technique in the velocity domain in the case of regular 
slanted h a n d w r i t i n g 
5Л. Writing slant 
Slant is an important feature of h a n d w r i t i n g and is problably related to 
psychomotor and biophysical aspects of h a n d w r i t i n g . In several psychomotor 
studies w r i t i n g slant is invest igated T h e r e f o r e , a method is requi red t o 
estimate the slant of s ingle strokes and the overal l w r i t i n g slant of specimen 
of handwr i t ing The slant of a single s t roke can be estimated by the 
direct ion of the vector between the begin posit ion and the end position of 
the s t roke or by the d i rect ion of the veloci ty in the midposit ion The 
overall slant of a specimen of h a n d w r i t i n g can be calculated as fol lows. 
Two successive sample points can be connected t h r o u g h a s t r a i g h t l ine. 
From this line the d i r e c t i o n , the time span, the l e n g t h , and the average 
velocity can be calculated The time span of such a line is the d i f ference 
in time between two sample points and is, w i t h a sampling f r e q u e n c y of 100 
Hz, 10 ms. The number of times that a line segment occurs m a certa in 
d i r e c t i o n , can be p lot ted m a histogram as a f u n c t i o n of the d i r e c t i o n . This 
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Figure 6. Decomposition of X- and Y- velocities in w r i s t (16 degrees) and 
f i n g e r s (63 degrees) d i rect ions. 
histogram can be plotted in polar form In Figure 5, the lefthand polar 
diagram gives the d i s t r i b u t i o n of time that t he pen is moving m a certain 
d i r e c t i o n , d u r i n g the product ion of the word n¡¡megen shown m Figure 1 . 
The central polar diagram represents the d is t r ibu t ion of the t ra jec tory 
length and the r igh thand one that of veloci ty Al l diagrams clearly show the 
dominance of the fo rward up strokes and the backward down st rokes. The 
top lobe shows the d i rect ion of the upward strokes and the bottom lobe the 
d i rect ion of the downward s t rokes. The average direct ion of the lat ter one 
is h igh ly similar to the judged wr i t i ng slant of handwr i t ing (Maarse & 
Thomassen, 1983) ' . 
* This agrees wi th ins t ruct ions in w r i t i n g educat ion, the downward strokes 
are taugh t to be wr i t t en in the same di rect ion (see Lindeman, 1983). 
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No up atrokes 
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Down strokes only 
No down strokes 
Figure 7. The word nijmegen with removal of up strokes and down strokes (top and bottom) and presenting up strokes and down strokes 
only (middle). 
5.5. Movement directions 
Handwriting can be regarded up as the result of two independent movement 
directions. Commonly the horizontal (X) and vertical (Y) direction of the 
XY tablet are chosen. Another approach is to use movement directions that 
are not orthogonal but coincide with preferred movement directions of wrist 
(X') and fingers (Y') This is illustrated in Figure 6. A subject was 
requested to move the pen only with his thumb and fingers in a preferred 
direction, while the wrist and underarm were fixed. The subject was, 
subsequently, requested to move his wrist while keeping fingers m a normal 
writ ing position, relaxed but without any movement in their joints, and 
holding the underarm in a fixed position. According to Dooijes (1983) and 
Hollerbach (1980), these are the two independent movement directions used 
during the production of handwriting. In Figure 6 the two top curves 
represent the velocities of the orthogonal X and Y directions and the two 
curves at the bottom depict velocities m X' (wrist) and Y' (fingers) 
directions. The directions of X' and Y' are derived with help of a program 
for estimating the writing slant as described above from the two 
abovementioned recorded finger (Y') and wrist (X') movements. For this 
i/inur/Tft/ 
/ / fSJfMé&s 
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Figure 8 Some computer t ransformations used in reading exper iments. 
subject the direct ion of the downstrokes coincides wi th the f inger 
movements ( Y ) . The di rect ion of the upstrokes lies between the direct ions 
of X' and Y' 
5 .6 . Transformations 
Often in psycholmguis t ic exper iments, features of handwr i t ing have to be 
manipulated For instance, in the study of the leg ib i l i ty of handwr i t ing as 
funct ion of wr i t i ng s lant , w i d t h , or up and down strokes For th is 
purpose var ious methods have been developed. They are mostly based on 
the successive t ransformat ion of segments between two sample points . As 
mentioned above, i t is possible to determine the d i rect ion of a line segment 
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Figure 9 Some templates used f o r spatial exercises Names and numbers 
refer to author of method and exercise number 
between two sample points and line segments wi th a certain d irect ion can, 
for instance, be p lot ted or removed (see Figure 7) It is also possible to 
simulate several types of pens such as f lex ib le and r i g i d cal l igraphic nibs 
(see Figure 8) 
6. Some applications in teaching and in psychomotor assessment 
In the preceding two paragraphs attent ion was paid to various signal 
processing techniques that are of major relevance in psychomotor research 
We shall now present some applications of the computational methods in 
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educat ion, psychomotor exper imentat ion, and psychomotor diagnostics. The 
examples p r o v i d e only a f i r s t i l lustrat ion of the possibi l i t ies. The apparatus 
and software st i l l have to be implemented on a microcomputer such that they 
are available and immediately applicable i n , f o r instance, the classroom. 
Research on educational and psychological methods has to be done f o r 
creat ing a good i n f r a s t r u c t u r e (see Teul ings & Thomassen, 1985). 
6.1. Educational writing excercises 
The examples to be presented are based on methods and exercises used in 
the Dutch pr imary schools. Van Beusekom (1983) describes stages in 
several pre l iminary w r i t i n g exercises f o r c h i l d r e n of f o u r to seven years 
o l d . The exercises s t a r t wi th large movements ( k i n d e r g a r t e n ) to small ones 
in the f i r s t form of the pr imary school (age 6 - 7 ) . The lat ter are dedicated 
to h a n d w r i t i n g p r o p e r l y . This kind of exercise is f a i r l y universal and can 
be f o u n d in many methods 5 . In the ear l ier exercises the chi ld has to draw 
or w r i t e w i t h i n certa in areas. The drawings v a r y f rom f ish-globes and 
p a r k i n g places to a maze wi th a r u n n i n g mouse. Other forms are simple 
racing c i r c u i t s and letter forms with a height of about 50 mm. These spatial 
exercises can be control led excel lently by a micro-computer. Only a simple 
XY tablet is r e q u i r e d . A screen is desirable f o r present ing the movements 
of the pen and f o r s u p p l y i n g other kinds of feedback. 
For the spatial exercises, a template has to be recorded f i r s t w i t h the 
aid of the XY tab let . The template of fers possibi l i t ies to detect whether the 
pen posit ion is in an allowed or in a non-allowed area. Feedback can be 
given by t h e computer in several ways, v a r y i n g f rom acoustic and visual to 
tact i le feedback. Depending on the r e s u l t s , the degree of d i f f i c u l t y of an 
exercise can be adapted d u r i n g the e x e c u t i o n . For instance the width of an 
allowed w r i t i n g t r a c k could be increased or decreased. F igure 9 gives an 
overview of some computer templates made on the basis of e x i s t i n g w r i t i n g 
c u r r i c u l a . 
6.2. Psychomotor experiments 
Another category of exercises is based on the dynamic aspects of 
h a n d w r i t i n g movements as displayed by pen veloci ty and acceleration. 
These features correspond to a h igher degree w i t h the main requirements 
f o r teaching w r i t i n g . The goal is , indeed, not only to achieve an acceptable 
• Van der Molengraaf Ь Mul ler, (1979), Van Engen, (1982), Van Beusekom 
t Vers loot , (1982), and Keulen, (1981). 
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spatial pat tern b u t also to execute movements m a f l u e n t and eff ic ient way. 
By p r o v i d i n g feedback about ba l l is t ic i ty Sovik Ь Teulmgs (1983) found that 
the w r i t i n g speed was increased without loss of b a l l i s t i c i t y . F igure 10 shows 
the results of pract is ing the w r i t i n g of the let ter unt i l the movement has a 
bal l ist ic character. The number of force impulses can be der ived from the 
zero crossings of the acceleration f u n c t i o n . The number of zero crossing 
can be used as feedback d i r e c t l y or i t can be converted to another f o r m . 
The ch i ld has to t r a m unt i l a c r i t e r i o n number of zero-crossings is 
reached The total number of force impulses depends of course on the 
produced p a t t e r n . For a t r a i n e d , in th is case a r i g h t h a n d e d , subject , the 
number of zero crossings is low (5 or 6 ) , th is is the case f o r his r i g h t 
hand as well as f o r his left hand This number wil l be much h igher m an 
u n t r a i n e d subject. A chi ld of 5 years old produced about 40 zero crossings 
when p r o d u c i n g th is pat tern f o r the f i r s t t ime. F igure 10 shows clear ly that 
th e d i f ference between the p a t t e r n s , produced by r i g h t and l e f t h a n d , 
respect ive ly, in the spatial domain is small, b u t that th is is not the case m 
the temporal domain. A f t e r some pract ice the movements of both the r i g h t 
hand and left hand are bal l ist ic f o r the adul t subject The only remaining 
di f ferences are m the velocity pat tern and the movement t ime. The r i g h t 
hand of th is subject is obviously better t r a i n e d 
Another exercise, of psychomotor o r i g i n , is i l l u s t r a t e d m Figure 1 1 . The 
task is to move the pen from A to В as fast as possible. A f t e r six t r ia ls 
the size of t a r g e t В has been decreased from 20x15 to 2x2 mm As can be 
seen from the velocity f u n c t i o n , the number of c o r r e c t i n g force impulses 
increased fol lowing the change to the smaller t a r g e t , especially towards the 
end of the t r a j e c t o r y . Only a simple modification of the c o n t r o l l i n g computer 
program is needed f o r performing educational experiments as descr ibed by 
Pantma (1981). In these experiments some t a r g e t p o i n t s , to be rounded by 
th e p e n , are e x p l i c i t l y prov ided to the beginn ing w r i t e r in o r d e r to 
s t r u c t u r e the new complex w r i t i n g p a t t e r n s . 
6.3. Psychomotor diagnostics 
The developed apparatus, methods, and s ignal-processing techniques 
mentioned m the prev ious ly described applications are applicable for 
psychomotor tests of human behavior or f o r dedicated tests f o r w r i t e r s wi th 
a certa in h a n d w r i t i n g d i s o r d e r . New, o r already e x i s t i n g , e x p e r t systems 
f o r psychomotor diagnostics can be extended w i t h an XY tablet and an 
a p p r o p r i a t e pen, and specif ic results and computer programs prov ided by 
psychomotor ( w r i t i n g ) research can be implemented. For instance, the ratio 
Rva between the number of zero crossings in the velocity f u n c t i o n and the 
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Figure 10 The d i f f e r e n c e between velocities of r i g h t and left hand of an 
adult subject The f i r s t column presents the sum of reaction time 
and movement time the second the number of zero-crossings in 
the acceleration 
number of zero crossings in the acceleration f u n c t i o n m h a n d w r i t i n g , is a 
useful measure for the f luency or balhst ic i ty of h a n d w r i t i n g From a pi lot 
s t u d y i t appeared that the value of Rva is about 0 3 for an unexperienced 
w r i t e r , and increases up to 0 98 f o r an experienced w r i t e r wi th regular 
curs ive h a n d w r i t i n g Also the number of stops or i r regular i t ies can, wi th 
the aid of the descr ibed methods, be detected and counted They are often 
typ ica l f o r a certain disease or bra in damage Margolin and Wing (1983) 
describe such symptoms f o r Parkinsonism 
7. Conclusions 
The f i r s t goal of th is chapter was to present an overview of the required 
apparatus and developed signal-processing techniques f o r h a n d w r i t i n g 
research The second goal was to show some possible applications of the 
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Figure 11 The d i f f e r e n c e in the velocity shape for reaching a large and a 
small t a r g e t F i rs t column· sum of reaction and movement t ime. 
Second column: zero-crossings m accelerat ion. 
mentioned apparatus, methods, and techniques outside the laboratory. 
In general , f o r h a n d w r i t i n g research, the requi red apparatus consists of 
an XY tablet wi th a p p r o p r i a t e pen connected to a computer system. The 
accuracy of the XY tablet should be bet ter than 0.1 mm. The pen may not 
affect the h a n d w r i t i n g behavior For advanced analysis also a graphics 
display w i t h a resolution of at least 512x512 lines is desirable. 
The d ig i ta l record ing of h a n d w r i t i n g w i t h the aid of an XY tablet 
introduces quant izat ion, discret izat ion and noise e r r o r s . A sampling 
f requency of at least 100 hz is r e q u i r e d to reduce the inf luence of these 
e r r o r s For XY tablets wi th an accuracy less than 0.1 mm the technique of 
lumping adjacent samples, taken at a h igh f r e q u e n c y , may p r o v i d e a 
reasonable means of coping wi th re lat ive ly s t rong quantizat ion noise. 
From Fourier analysis of h a n d w r i t i n g signals i t appeared that 
h a n d w r i t i n g does not contain (many) harmonics: The most important 
f requency components are found around 5 Hz, while nearly all components 
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are confined to frequencies below 10 Hz Minimal-bias estimates from the 
noisy data can be obtained by applying a low-pass filter with a flat 
passband of 10 Hz In order to reduce inevitable Gibbs oscillations, a 
sinusoidal transition band is proposed from 10 Hz to 37 Hz 
For handwriting research various methods are available for detecting 
strokes, words and new lines in handwriting In order to conduct large-
scale handwriting experiments, automatic time-mark search procedures are 
proposed In most of our recent handwriting analyses we have searched for 
vertical-velocity zero crossings for finding vertical-position extrema, or we 
have searched for absolute-velocity dips Based on these elementary 
methods techniques are proposed for estimating writing slant, principal 
movement directions within handwriting, and fluency of handwriting 
Maarse, Schomaker and Teulmgs (1986) derived 13 features of handwriting 
m a writers identification experiment 
Finally, some examples demonstrate that the apparatus and methods in 
principle are applicable m the teaching of handwriting and in the 
psychomotor diagnostics An implementation of the described possibilities 
requires further research and cooperation of researchers m the laboratory, 
(remedial) teachers and psychologist working in the field of 
psychodiagnostics The expectation is that integration of available 
knowledge of handwriting behavior and expert systems will yield a powerful 
tool for teachers and psychodiagnostics 
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Appendix A 
Selection of FORTRAN programs used in handwriting research 
The fol lowing computer programs have been developed fo r handwr i t ing 
research Its is only a selection of the available programs They are 
runn ing under the operat ing systems VMS (vers ion 4.2) on a VAX-11/750 or 
under RT-11 (vers ion 4 0) on a PDP-11/45. Use is made of dedicated 
l ibrar ies fo r graphics ou tpu t (Vector General and MATROX), for record ing 
of handwr i t ing wi th an XY tablet (Calcomp 9240), and for handl ing specif ic 
handwntmg-da ta f i l e s 6 . 
Operat ing Used in 
Function system chapter 
RT-11 VMS 2 3 4 5 6 7 
CALCOM 
RECORDS 
FILTER 
ANALISA 
PLOTHP 
POLAR 
FOURIER 
HALEN 
MODEL13 
MORAS 
REGEN 
FORCE 
DISTANS 
DIFFER 
INTEGR 
SPEED 
SLANT 
BALLIS 
PRESS 
WORDS 
PUP 
ROUND 
Recording of handwr i t ing up to 
300 seconds 
Recording of handwr i t ing t r ia ls 
Design of a FIR f i l te r and f i l t e r i n g 
In teract ive micro studies of 
handwr i t ing 
Plot of handwr i t ing on a p lot ter 
or screen 
Plot polar plots 
Fourier analysis 
Detection of t rans i t ion points and 
strokes 
Regeneration according a handwr i t ing 
model w i th long and short segments 
Regeneration according to Morasso 
Regeneration of handwr i t ing in the 
veloci ty domain 
Regeneration of handwr i t ing in the 
acceleration domain. 
Spatial distance between or ig inal 
and reconstructed handwr i t ing 
Di f ferent ia t ion of handwr i t ing 
signals 
Integrat ion of handwr i t ing signals 
Average pen veloci ty 
Computing of slant 
Computing f luency of handwr i t ing 
Computing average pen pressure 
Detection of words in handwr i t ing 
Relative pen-down time 
Computing of roundness 
Program 
name 
+ + + 
+ + + 
' This software has been developed by Chr is F. Bouwhuisen and Hans 
J . J . Janssen. 
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DISCRIMINATIVE FEATURES IN INDIVIDUAL WRITING BEHAVIOR: 
THE AUTOMATIC IDENTIFICATION OF WRITERS 
The methods described in the preceding chapter are essential for the 
extraction of various features of handwriting. These features can be based 
on the visible spatial writing trace as well as on the invisible temporal or 
dynamic aspects such as velocity, acceleration and writing pressure. The 
question arises whether especially the extra information of the latter kind 
can be used for the identification of writers. In an automatized computer-
based system, designed for the reading of cursive handwriting - a highly 
complex task - writer identification could reduce certain ambiguities in the 
pattern-recognition process if information on the writer's general writing 
habits and Idiosyncrasies is available. 
The present chapter investigates whether the additional information 
obtained by the temporal aspects of the writing trace enables an automatic 
system to identify a writer out of a limited set of writers with a reasonable 
classification reliability. 
From an experiment with twenty subjects from whose writing one single 
line is analysed, it appears that the writers can be identified with a 
reliability of more than 95 percent. The most discriminative features are pen 
velocity, writing pressure, writing slant, character width, and pen-down 
duration. 
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Discriminative features in individual writing behavior: 
The automatic identification of writers1 
Frans J Maarse, Lambert R В Schomaker and Hans-Leo Teulings 
Abstract 
In this study, an attempt was made to discriminate between different 
individuals on the basis of thirteen quantitative and physically measurable 
parameters of arbitrary pieces of handwriting Some of the global 
parameters used were· writing speed, writ ing pressure, slant, roundness 
(circularity), and letter size. Besides these global parameters also local 
parameters such as size and change in pen pressure within words were 
used Of 80 lines of text, produced by 20 subjects, 77 lines were correctly 
identified. The most important set of parameters in the discrimination 
turned out to be slant, pen pressure, speed and total pen-down duration. 
It appeared from the set of parameters used m this experiment that the 
main handwriting parameters discriminating between male and female writers 
m the sample used were, roundness, slant and writing style (cursive vs 
manuscript) 
/. Introduction 
As is the case with many movement patterns of human motor behavior, also 
writ ing movements have patterns that are characteristic for each individual. 
Normally, reading an individual's handwriting, only the completed writ ing 
track on paper can be observed. From these spatial data a number of 
individual features of the handwriting can be derived However, the 
writ ing movements themselves contain dynamic features which cannot be 
derived simply from the static writing result At present it becomes more 
and more common that for the identification of signatures next to the spatial 
features also the dynamic or temporal features are taken into account (see 
for example Crane & Ostrem, 1983) From the psychomotor study of writ ing 
by means of modern equipment during the past decade a large amount of 
knowledge on handwriting has been collected, especially concerning the 
various temporal aspects of the writing process 
The f i rst question to be answered by the present study is to what 
1
 Nederlands Tijdschrift voor de Psychologie, 41, 1986, 41-47. 
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extent i t is possible to d i s t i n g u i s h among the handwr i t ings of a number of 
indiv iduals by means of the temporal and static features, that can be 
obtained 'automatically' f rom the indiv idual 's a c t i v i t y of copying an a r b i t r a r y 
piece of t e x t . A second question concerns the relation between the d i f f e r e n t 
d iscr iminat ive features that are used. A t h i r d question is which features or 
family of features have a s t rong d iscr iminat ing power to decide between 
indiv iduals or groups of indiv iduals 
In psychomotor w r i t i n g research one may d is t ingu ish between spatial or 
static and temporal (=dynamic) features. It has become known that spatial 
features ( i . e . , shape character ist ics in terms of length ratios between the 
separate strokes) are compiled in the motor program f o r w r i t i n g ( T e u l m g s , 
Thomassen, Ь Van Galen, 1986). For th is reason these spatial a t t r i b u t e s 
certa in ly come into considerat ion as c r i t e r i a f o r the discr iminat ion of 
h a n d w r i t i n g of i n d i v i d u a l s . Besides, attent ion wil l be payed to var ious 
temporal a t t r i b u t e s . O b v i o u s l y , only those aspects should be considered 
which are independent of the w r i t t e n t e x t . A consequence is that we must 
define features based on average values. For example, the body height of 
the l e t t e r s , the length of the descenders, the length of the ascenders, and 
the width of the letters would qual i fy as spatial c r i t e r i a . In invest igat ions 
by T e u l m g s , Thomassen en Van Galen (1986) it was shown that certain 
global spatial measures (such as the size of the w r i t i n g ) v a r y only to a 
small degree wi th in one subject. Thus absolute vert ica l w r i t i n g size o f f e r s a 
possib i l i ty to discr iminate between i n d i v i d u a l s . The same holds f o r w r i t i n g 
slant (Maarse & Thomassen, 1983, Pick & T e u l m g s , 1983). A typ ica l f u r t h e r 
spatial feature is roundness or c i r c u l a r shape. The measures f o r these 
propert ies are descr ibed in Section 2.4. Two local features t h a t are 
associated with spatial a t t r i b u t e s wi th in w o r d s , which could possibly be 
used are the increase of w r i t i n g pressure (Kao, 1983) and the size decrease 
w i t h i n a w o r d . The temporal global features to be studied here are the 
number of pen l i f ts per second, the relat ive amount of time spent on 
w r i t i n g and the average w r i t i n g p r e s s u r e . Especially w r i t i n g pressure is 
known to make an important c o n t r i b u t i o n to the ver i f icat ion of s ignatures 
(Crane & Ostrem, 1983). Also the velocity of the pen is considered to be a 
suitable global temporal f e a t u r e . 
In the invest igat ion it wi l l be t r i e d to d i s t i n g u i s h among specimens of 
h a n d w r i t i n g from d i f f e r e n t subjects by means of a computer, making use of 
at most t h i r t e e n features to be der ived automatically Dur ing the last few 
y e a r s , a number of algorithms for d e r i v i n g these features have been 
developed at the Department of Experimental Psychology Nijmegen. These 
features wi l l be assessed m the w r i t i n g processes and products of a number 
of w r i t e r s who had to copy a standard t e x t . With the aid of d iscr iminant 
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Aan het emd van de fu i f was de lol eraf . 
De negen bomen waren na de ¡jzelbui dood. 
Het ene meisje deed een in te lhgent ie test excel lent . 
Na twee borden pap had de boer genoeg gehad. 
De oude man nam het roer over tot het boegbeeld a f b r a k . 
De kok vond dat de saus onbru ikbaar was geworden. 
Op d i t lab gaat het mij zelfs om de centen I 
Maak je een opstel over de inquis i t ie? 
Figure 1 . Tex t copied by the subjects. 
analysis and a pat tern- recogni t ion technique (see Crane Ь Ostrem, 1983), 
the necessary d iscr iminant funct ions are der ived by using p a r t of the 
recorded w r i t i n g material. In a second phase, i t is ascertained whether 
twenty specimens of h a n d w r i t i n g can be c o r r e c t l y assigned to the d i f f e r e n t 
w r i t e r s . For t h a t purpose the rest of the w r i t t e n material has been used. 
2. Experiment 
2.1. Subjects 
Twenty subjects, eleven male and nine female, took p a r t in the exper iment. 
The major i ty were members of the staff of the Department of Experimental 
Psychology; the others were s tudents. The subjects were not selected f o r 
the sty le of t h e i r h a n d w r i t i n g such as c u r s i v e or p r i n t ; they were all 
r i g h t h a n d e d . 
2.2. Apparatus 
A Calcomp 9240 XY-tablet connected to a PDP-11/45 was used f o r the 
recording of the h a n d w r i t i n g . By means of th is equipment the X and Y 
coordinates of the pen point were determined wi th a sampling f requency of 
105.2 Hz. The resolution of the XY tablet amounted to 0.025 mm. The p e n , 
which was developed m the laboratory, allows the recording of w r i t i n g 
pressure along the pen's ax is. The range is from zero to 10.23 N wi th a 
resolution of 0.01 N. The pen is suppl ied wi th a regular bal lpoint r e f i l l . 
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Figure 2 The d is t r ibu t ion of the t ra jec tory as funct ion of w r i t i ng direct ion 
m an orthogonal axis system ( le f t ) and and in a polar plot 
( r i gh t ) This funct ion has been used for the calculation of the 
slant (рЛ/) and roundness (Rnd) of a h a n d w r i t i n g 
2.3. Recording 
The subjects were requested to copy a t e x t consist ing of 71 words 
d i s t r i b u t e d over eight lines Prior to the actual experiment each subject had 
th e o p p o r t u n i t y to pract ise and to become famil iar wi th the apparatus The 
w r i t t e n t e x t (see Figure 1) was recorded and stored on a disk of the 
PDP-11/45 computer For each line of h a n d w r i t i n g the fol lowing th i r teen 
features were der ived 
2 . 4 . Features 
In o r d e r to der ive the f e a t u r e s , the Χ, Y and Ζ data had t o be f i l t e r e d 
(see T e u l m g s Ь Maarse, 1984). In th is experiment a low-pass f i l t e r wi th a 
bandwidth of 8 Hz and wi th a t rans i t ion band from 8 to 25 Hz is used. 
Frequencies above 25 Hz were attenuated more than 40 dB The fol lowing 
features were extracted and used as c r i t e r i a : 
Relative writing time (Tri. This is the per iod of time that the pen is m 
contact wi th paper, d iv ided by the total time which is necessary to 
produce the complete t e x t . 
Pen velocity [v). The average absolute veloci ty of the pen when on paper. 
Writing pressure (P). The average pen pressure on the point of the pen 
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measured along the pen axis d u r i n g the time the pen is on paper. 
Number of pen lifts per second (Pup). For c u r s i v e continuous h a n d w r i t i n g 
t h i s variable has a value of approximately 0.5. For manuscript or p r i n t 
handwr i t ing Pup may increase to 2 5 
Writing slant [phi). This feature is calculated from the polar plot of the 
covered distance as a f u n c t i o n of w r i t i n g d i rect ion (see Maarse & 
Thomassen, 1983) The plot shows two maxima (see Figure 2) which are 
due to the up strokes and the down strokes Up and down strokes are 
the parts of the h a n d w r i t i n g where the pen moves upwards and 
downwards respect ive ly. The average d i rect ion of the down strokes 
const i tutes a reliable measure of w r i t i n g s lant. 
roundness (Rnd). From the d i s t r i b u t i o n funct ions of F igure 2 also a value 
can be der ived to represent the roundness of the w r i t i n g sample For 
s t r i c t l y c i r c u l a r movements the covered distance would be the same all 
d irect ions The extent of deviat ion f rom th is form in the polar 
d i s t r i b u t i o n plot is an indication of roundness. The measure to be used 
is the ratio between maxima and minima of the d i s t r i b u t i o n c u r v e . An 
extremely round w r i t i n g sty le is ref lected by a value of th is measure 
greater than 0 2 For less round w r i t i n g the value is pract ical ly zero 
Pearson's correlation coefficient between X en Y velocity ( Z c ) . A correlat ion 
of 0 0 implies round vert ica l h a n d w r i t i n g (ЭО0 phase d i f ference) whereas 
a high correlat ion means a s t rong f o r w a r d or a s t rong backward 
incl ination (a small phase sh i f t or counter phase). In view of the 
discr iminant analysis which assumes normally d i s t r i b u t e d var iables, a 
Fisher Z-tranformat ion is applied to the correlat ion coeff ic ients. The 
untransformed correlat ions are presented in Table 1 
Letter size. Three kinds of height or length values may be d i s t i n g u i s h e d , 
namely: 
- Length of the descenders, Hd, as in g , j and y . 
- height of the body of l e t t e r s , He, as of a, e, m, n, о and u. 
- Length of the ascenders. Ha, as m к, I and b 
The values of these features are to be der ived from the d i s t r i b u t i o n 
funct ion given in F igure 3, which presents the densi ty of the vert ica l 
extremes of a l ine of h a n d w r i t i n g The locations on the X axis of the 
maxima in the f u n c t i o n represent the length of descenders, the base 
l ine, the body height and the length of the ascenders, respect ively. 
Width (Wx). This is def ined as the average length of the strokes m 
posit ive horizontal d i rect ion wi th pen on paper. The measure Wx is an 
indication of the w idth of the l e t t e r s . 
Increase of writing pressure within words [dP). In each line two measures 
are taken to assess the pressure increase from the beginning to the end 
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Figure 3. D is t r ibu t ion of the vert ical w r i t i ng densi ty which is used for the 
calculation of corpus height and length of ascenders and 
descenders. 
of a wo rd ; fo r th is purpose words were selected wi th similar strokes at 
earl ier and lat ter posi t ions. 
Size decrease within words (dH). In each word again the lengths of two 
similar strokes were measured, one at an ear l ier and one at a later 
posi t ion. 
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Nr. 
ην 
Table 1. Average value of all thirteen features. 
Tr ν Ρ Pup phi Rnd Zc Hd He Ha Wx 
mm/s gram degr. mm mm mm mm 
dP 
gram. 
dH 
mm 
1 1 0.62 29.20 55 1.01 76.0 0.05 0.61 -2.64 1.63 4.12 2.2 2.7 -0.2 
2 2 0.76 32.30 131 1.10 79.6 0.13 0.57 -3.59 1.65 4.25 2.6 12.2 -0.9 
3 1 0.56 39.60 120 0.98 52.5 0.03 0.57 -5.50 2.24 4.48 3.4 20.4 -1.2 
4 1 0.70 45.60 196 0.99 57.5 0.04 0.35 -3.00 2.71 5.27 3.7 29.5 -0.6 
5 1 0.66 52.40 230 0.99 63.3 0.07 0.60 -5.55 3.36 6.62 3.9 36.8 -1.2 
0.63 34.00 183 0.99 82.6 0.16 0.40 -3.46 1.73 4.44 2.8 40.2 -0.1 
0.63 30.90 145 0.64 69.8 0.04 0.34 -3.74 2.17 5.26 2.8 39.0 -0.2 
0.69 50.30 150 0.91 64.3 0.02 0.65 -4.87 3.55 6.51 3.6 16.6 -1.3 
0.63 40.00 177 1.95 74.5 0.15 0.57 -2.63 2.33 4.42 3.0 49.1 -0.4 
0.56 43.60 87 1.58 41.4 0.04 0.63 -2.57 2.06 3.94 4.5 -0.9 -0.2 
0.66 48.90 247 2.13 82.8 0.16 0.35 -3.51 2.97 5.99 3.5 52.8 -0.4 
0.50 39.40 110 1.90 81.3 0.12 0.50 -3.14 2.81 5.63 1.8 9.7 -0.5 
0.53 26.30 152 1.99 97.8 0.02 0.72 -2.82 1.29 3.62 2.2 12.8 -0.1 
0.52 43.60 116 1.71 64.4 0.12 0.52 -3.14 2.52 4.73 3.5-14.2 0.2 
0.74 27.30 99 0.57 67.8 0.06 0.69 -4.30 1.92 4.43 2.7 17.0 -0.5 
0.59 39.70 216 0.89 60.7 0.04 0.65 -3.90 2.46 5.19 2.8 68.5 -1.9 
0.67 37.60 96 0.91 69.7 0.12 0.62 -5.16 2.03 5.14 3.8 27.8 -0.5 
0.62 35.20 126 1.73110.4 0.31 0.48 -2.50 1.81 4.14 2.6 23.8 -0.6 
0.76 33.60 215 0.76 57.6 0.03 0.45 -3.57 2.06 4.68 3.3 8.0 -0.5 
0.62 45.90 212 1.68 86.3 0.21 0.39 -5.06 3.22 6.58 2.0 67.9 0.2 
6 
7 
8 
9 
10 
11 
12 
13 
14 
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16 
17 
18 
19 
20 
1 
1 
2 
2 
1 
2 
2 
1 
2 
2 
1 
1 
2 
1 
1 
2.5. Data analysis 
By means of d iscr iminant analysis (SPSS program DISCRIMINANT) we 
invest igated to what extent funct ions can be der ived to discriminate 
automatically among the 80 lines of h a n d w r i t i n g produced by the 20 
subjects. I t is a common procedure here to use p a r t of the material to 
d e r i v e the funct ions and to use the rest of the material to test the obtained 
f u n c t i o n s . In th is experiment the odd lines were used as ' learn ing' samples 
and the even lines as 'test ' samples. 
A d iscr iminant analysis also gives information about possible 
d iscr iminat ing features between groups of subjects. For the present 
purpose, in a pi lot s t u d y discr iminant funct ions were d e r i v e d f o r the male 
and female subgroups using all the material f o r the learning phase. I t was 
not fol lowed by a test procedure because the number of subjects in each 
g r o u p was too small. 
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2.6. Results 
Table 1 presents a concise survey of the average values of the features of 
the handwr i t ing of the 20 subjects. With the aid of the discr iminant 
funct ions as der ived by means of the discr iminant analysis, 77 out of 80 
(new) handwr i t ing samples (l ines) used for tes t ing were correct ly 
c lassi f ied. The (old) learning samples were all classif ied correct ly 
a f terwards 
From the correlat ions of the features wi th in groups it is seen that 
substant ia l correlat ions (>0.5) exist between pen veloci ty and width 
(0 .62 ) , and between body size and ascenders (0 60) . 
In the discr iminant funct ions the fol lowing features appeared to play a 
role: w r i t i n g pressure , s lant , pen ve loc i ty , w i d t h , and relat ive w r i t i ng 
t ime. Based on these f ive features only the d iscr iminat ing analysis enables 
us to c lassi fy as many as 79 out of 80 (new) test samples correct ly The 80 
(old) learning samples y ie ld exactly the same results a f te rwards. 
For the der ivat ion of the discr iminant funct ions fo r the groups male and 
female all 160 lines were processed. It t u rned out that the number of pen 
l i f ts per second, the s lant , the roundness, the length of the ascenders, 
and the w id th are the features with the greatest d iscr iminat ive power If all 
th i r teen features are used, the handwr i t ing can be classif ied correct ly as 
male or female in 90 percent of the samples, m this case the majori ty of the 
lines not cor rec t l y classif ied or ig inated from three subjects If only the f ive 
dominant features are used the hit score is 72 percent The single feature 
of roundness already results in a score of 62 percent cor rec t . 
The d iscr iminant analysis shows, moreover, that the var iab i l i t y of the 
features ' values wi th in subjects is rather h igh ly due to the f i r s t line of 
each sub ject . There is clear evidence of s t a r t m g - u p ef fect . 
3. Discussion 
The resul ts indicate tha t , m pr inc ip le , it is possible to design a system by 
which ind iv iduals can be ident i f ied after having wr i t ten one or preferably a 
few lines of a r b i t r a r y t e x t . In our case the obtained d iscr iminat ing capacity 
is not as h igh as that reported by Crane and Ostrem (1983), in which case 
the ident i f icat ion of the persons was based on the i r s ignature The fact 
tha t s ignatures are wel l - t ra ined wr i t i ng pat terns plays a role here of 
course. 
The analysis shows tha t , fo r ident i f icat ion of ind iv idua l w r i t e r s , not only 
the (v is ib le ) average spatial features, such as slant and w i d t h , are 
impor tant , but also the the ( inv is ib le) global temporal features such as pen 
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ve loc i ty , w r i t i ng pressure and relat ive w r i t i ng time The other e ight 
features tu rned out to play a less important role, par t l y because they va ry 
considerably wi th in subjects The hit score may be improved by a more 
precise determination of the features, which can be achieved by basing 
them on a longer sample of tex t and by omit t ing the f i r s t line Especially 
the technique used f o r the estimation of the increase of w r i t i ng pressure 
and the decrease of size wi th in words is susceptible to improvement in such 
a way tha t the number of observations should be extended to two 
measurements m every word of the concerning line or t r ia l 
The purpose of the present experiment was cer ta in ly not to establish 
character is t ic di f ferences in w r i t i ng behavior between males and females 
However, i t is in terest ing to note that the results of the discr iminant 
analysis applied to our limited groups of subjects for each of the sexes may 
be summarized as follows women tend to wr i te more perpendicular to the 
baseline, they use block let ters more f requen t l y , and the i r w r i t i ng tends to 
be more rounded than tha t of men It is also in terest ing to note that the 
features pen l i f ts per second and roundness can only weakly discr iminate 
among individuals but play an important role in the d is t inct ion between the 
sexes 
In the present experiment those features were adopted for analysis of 
which we had the a p r i o r i impression tha t they would discr iminate between 
indiv iduals One could also look systematical ly fo r a t t r ibutes leading to an 
optimal discr iminat ion between people wi th normal w r i t i ng behavior and 
people wi th w r i t i ng d i f f icu l t ies In th is respect one might consider features 
l ike balhst ic i ty and f luency (see Sevik and Teu lmgs, 1983) If one could 
succeed in f i nd ing a number of d iscr iminat ing features of the lat ter k ind 
besides those already used in th is s t udy , the next step towards the 
computer as an aid m the diagnosis of w r i t i n g problems as well as m 
w r i t i n g exercises as par t of a specific w r i t i n g the rapy , would be a matter 
of technical implementation only 
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EPILOG 
The preceding chapters describe a series of specific studies that are 
concerned with rather narrow aspects of handwriting as a form of 
psychomotor behavior. In fact, the research project on handwriting, from 
which the present thesis originates, constitutes an exemplary study area 
within the research field of complex motor behavior. Therefore, the results 
and insights obtained in this thesis will be useful, in a most direct sense, 
for the much wider research field of psychomotor behavior. But even if we 
restrict ourselves to the topic of handwriting itself, we can indicate a large 
variety of instances both in further research and in applications outside the 
laboratory where use can be made - and Is being made - of the results 
obtained in highly specific handwriting studies of the kind presented in this 
dissertation. We will sum up a number of areas for these applications of the 
products of the handwriting project in general and, more specifically, also 
of the studies reported here. All these applications involve the disposal of a 
(micro) computer. 
The insights gained and the methods developed in the handwriting 
studies may contribute to the design of drawing and writing excercises 
preliminary to handwriting education in a proper sense in primary school 
(see Chapter 5 ) . They may also promote the development of diagnostic 
instruments in handwriting education, such as maturity tests to assess the 
child's ability In meeting the fine motor control requirements set by the 
handwriting task, and achievement tests to assess progress, as well as the 
development of computer-assisted exercises for children with specific 
handwriting problems In a remedial-teaching setting. 
Moreover, the automatic recognition (reading) of handwritten material is 
one of the areas where essential contributions can be made by the present 
series of experiments, especially those concerned with the segmentation of 
handwriting into strokes, words and lines (see Chapter 6) and with the 
derivation of physical features and the identification of writers. If the 
writer of a specimen of handwriting is known, the highly complex problem 
of the automatic reading of cursive script may be reduced because the 
specific idiosyncratic features of the individual writer, once known to the 
system, may be used in the interpretation of ambiguous stroke 
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combinations. 
The segmentation of handwriting in psychomotor terms as proposed in 
the handwriting research project also provides the possibility to code 
handwritten material in computer systems in an economical, abstract way so 
that the efficient storage, classification, selection, retrieval, regeneration 
and transmission of this type of material for various purposes is greatly 
facilitated. Obviously, the coding of handwriting in terms of strokes 
Involves a considerable compression of data [see Chapters 6 and 7) and its 
reconstruction on the basis of such codes is quite accurate and preserves 
Its individual features to a very large extent (see Chapters 3 and 4). Not 
only the cursive Latin alphabets could be dealt with by these codes, but 
the method Incorporating time-bound codes for segments of performed 
writing and drawing movements (rather than the spatial writing trace), is 
In principle suitable for every writing system, including Chinese and Arabic 
script. 
The analysis of handwriting on the basis of the Insights obtained in the 
present study (Chapter 6) and, of course, making use of the above 
facilities for coding, classification and storage may, furthermore, contribute 
to comparative handwriting expertise in forensic science as well as to 
historic document research. And, finally, the design of normalized cursive 
letter forms could be undertaken, not only aiming at easily acquired and 
performed letter shapes, and at optimal legibility In natural reading 
situations, but also at their automatic recognilability. Since handwriting is 
here to stay, even In our Information-technology society, it is in principle 
advisable to design and introduce letter and digit forms that are also 
optimally suited to automatic recognition procedures. 
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Summary 
In pract ica l ly every cu l t u re , handwr i t ing is a f requen t l y used and 
indispensable form of communication. This is also t r u e for our society, 
al though it is character ized by the large-scale avai labi l i ty of a l ternat ive 
means of communications. Thus , handwr i t ing as a motoric process is not 
only an in te res t ing , bu t also - l ike speech - a universal example of complex 
psychomotor con t ro l , m which movement sequences are generated under the 
guidance of h ierarchical ly h igher as well as lower control processes. On the 
one hand the present s tudy is devoted to some important questions 
concerning the exert ion of such motor contro l at d i f fe ren t levels, especially 
at the lower levels, du r i ng handwr i t i ng . On the other hand the s tudy 
concerns w i th mathematical-physical modell ing of handwr i t i ng . Final ly, the 
thesis discusses a number of measuring procedures and techniques 
developed fo r the research of handwr i t ing as well as the i r applications 
outside the laboratory . 
In Chapter 1 an in t roduct ion is presented to the studies in the two par ts 
of th is d isser ta t ion . The first and most fundamental part (Chapters 2 to 5) 
is concerned wi th w r i t i ng as a psychomotor process i t centers around the 
research questions of how handwr i t ing emerges, which role is played by 
cerebral processes and which role is reserved for more per ipheral 
processors, such as muscle- jomt systems, wi th whose help w r i t i ng is f ina l ly 
produced. Four experimental studies on motoric processes are presented. 
They are ordered roughly from studies of effectors at the lowest per ipheral 
level towards studies concerning global parameters at the more central 
level . In the second part (Chapters 6 and 7 ) , at tent ion is given to 
methods, techniques, and handwriting features. The methods and 
techniques are necessary f o r , and to a large extent specif ic t o , handwr i t ing 
research. Moreover the second par t deals wi th methods and techniques used 
for de r i v ing specif ic physical handwr i t ing features some of which may serve 
to ident i fy ind iv idual w r i t e r s , and it discusses some examples of applications 
m education 
In Chapter 2 a s tudy is reported on the behavior of the two biophysical 
processor systems ( thumb- f ingers and hand-wr i s t ) as a funct ion of hand 
posit ion f rom lef t to r i g h t , or m other words as a funct ion of rotation 
levels of the hand. In the handwr i t ing of many subjects a systematic 
change m a number of variables occurs due to the rotat ion of the hand. It 
is hypothesized that par t of these effects is due to biomechamcal 
constra ints caused by increasing ulnar abduct ion, or hand ro ta t ion, du r ing 
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the product ion of a w o r d . In an exper iment, small hand movements in 
p re fe r red d i rect ions around the wr is t and f i nger jo ints were analyzed as to 
the i r power spectral densi ty d is t r ibut ions This was done for f ive levels of 
rotat ion of the r i gh t hand Subsequent ly, the subjects produced normal 
handwr i t ing assuming the same f ive posit ions The results can be 
character ized by changes m the effector f requency power-spect ra . From left 
to r i g h t , i . e . , w i th increasing ulnar abduct ion, the power of the f inger 
system increases and the power of the hand-wr is t system decreases. The 
changes m observed w r i t i n g direct ions are, however, less than the changes 
in or ientat ion of the ef fector subsystems This unexplained slant constancy 
may be caused by a set t ing of wr i t i ng slant in a motor program at a h igher 
level . 
Chapter 3 is involved wi th the modelling of peripheral processors, which 
relate to the muscle-joint systems by which the actual handwr i t ing 
movements are produced and to the motor commands (motor programs) to 
these muscle-joint systems As is usually assumed, the per ipheral motor 
programs are under the contro l of a h igher , more centra l motor program 
The s tudy describes and compares four teen per iphera l models, some of 
which have appeared m the l i te ra ture A d is t inct ion is made amongst the 
models according to whether they view w r i t i n g as bu i l t up of segments ( in 
the spatial domain), of momentum impulses ( in the veloci ty domain), or of 
force impulses ( in the acceleration domain). The four teen models are all 
implemented in computer simulations, and an experiment is carr ied out to 
establ ish the extent to which each of them is capable of regenerat ing 
specimens of natural handwr i t ing The results show that natural 
handwr i t ing can be simulated most adequately by models in the veloci ty 
domain Compared to these, the spatial models and the acceleration models 
are less accurate Regeneration in the veloci ty domain requires only a 
single integrat ion , whereas regeneration m the acceleration domain requires 
double in tegra t ion , which is in par t responsible fo r the obtained 
di f ferences A second cause may be the fact that acceleration models are 
more sensi t ive than veloci ty models to e r ro r due to nonsatisfaction of the 
assumption of a bal l ist ic product ion mode. The spatial models yield results 
that are approximately equal to or less accurate than those of the 
acceleration models. Regenerating handwr i t ing using spatial models 
resembles a form of cu rve f i t t i n g rather than the simulation of a real ist ic 
processor. From the discussion it appears that the most accurate models of 
processors are compatible wi th cu r ren t notions on hierarchical s t ruc tures in 
motor programming 
The s tudy m Chapter 1 presents empirical data concerning the 
psychological validity of the four teen computational models fo r the 
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product ion of w r i t i ng strokes in handwr i t i ng . The s tudy in Chapter 3 
reviewed the mathematical propert ies of some publ ished models and of some 
f u r t h e r models developed by the authors . In Chapter 4 all fourteen models 
were compared wi th regard to the cr i ter ion that global parameters, such as 
size, slant and or ientat ion of the handwr i t ing should not affect the f i t of 
the simulated w r i t i ng t race to specimma of natural handwr i t i ng . This 
predict ion was based upon a character is t ic of a psychomotor model of 
handwr i t ing , developed by one of the authors , which assumes that global 
parameters are set by independent and hierarchical ly h igher processors 
than the more per ipheral biophysical force generators that produce 
par t icu lar stroke trajector ies The results showed that those models which 
produced a close f i t to natural handwr i t ing m a standard condit ion also 
y ie ld better f i t s under var iat ion of size, slant and or ien ta t ion . This may 
be regarded as evidence for the va l id i ty of the procedure followed in 
obtaining the per ipheral process variables and, more impor tant ly , fo r the 
independence between central and per iphera l psychomotor processors m 
handwr i t ing 
The last s tudy concerning psvchomotor processes in Chapter 5 is based 
on the assumption tha t handwr i t ing is produced by rapid movements of 
f ingers and hand, the lat ter h ing ing in the w r i s t , and superimposed on th is 
a slow constant horizontal movement of the ( lower) arm If th is assumption 
is correct it should hold that the inf luence of horizontal movement on all 
parts of handwr i t ing is equal ly large Experiment 1 was performed to ve r i f y 
this In th is experiment r igh t -handed subjects were asked to copy the same 
tex t three t imes, once under each of th ree condit ions of horizontal spacing. 
The manuscripts thus obtained were analysed for the direct ions of the i r up 
and down strokes The most important conclusion is that horizontal 
movement is not constant, but dependent on the direct ions of the s t rokes. 
Its inf luence appears to be b igger du r i ng up strokes than du r i ng down 
strokes and for down strokes the effect is even opposite to what one might 
expect on the basis of the above assumption. Because down strokes appear 
to be more stable than up s t rokes. Experiment 2 invest igated whether down 
strokes play the major par t in determining the visual features of the 
completed manuscr ipt , specif ical ly in determining judged slant of the 
manuscript For this purpose the manuscripts obtained in Experiment 1 were 
presented to new subjects fo r slant judgement. Quant i tat ive judgements 
were obtained by means of t ransparent sheets containing slanted lines which 
could be placed over the manuscr ipts . The subjects' judgements were 
compared as to the di rect ions of the up strokes and the down strokes that 
were measured object ive ly . The mam resul t of th is comparison is that the 
judged slant of manuscr ipts is determined pr inc ipa l ly by the down s t rokes. 
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The correlat ion between down strokes and judged slant is 0.99. A par t of 
the observed dominance of down strokes is presumably explained by the 
inf luence of w r i t i ng educat ion. 
In Chapter 6 an overview is given of apparatus and methods f o r 
record ing and processing handwr i t ing movements by means of a computer-
control led d ig i t izer (XY Tab le t ) . I t is shown that the presence of 
measurement noise m the sampled movements necessitates the adoption of 
high sampling frequencies in combination wi th low-pass f i l t e r i n g , especially 
if time der ivat ives are to be estimated. However, increasing the sampling 
f requency beyond some cr i t ica l value does not improve the s igna l - to -
quant izat ion-noise ratio unless the raw samples are preprocessed by 
summing over groups of samples. In o rder to correct fo r the 
nonsimultaneous sampling of the X and the Y coordinates, a second type of 
preprocessing is requ i red , v i z . , l inear in terpolat ion. Subsequent ly , 
procedures are descr ibed for detect ing s t rokes , words and new lines and 
also procedures for de r i v ing wr i t i ng s lant , p re fe r red direct ions of f i nger 
and wr i s t movements, and various t ransformat ions on specimens of 
handwr i t i ng . F inal ly , some applications of these signal processing 
techniques m handwr i t ing research to psychomotor assessment, and to 
handwr i t ing education are presented. 
In Chapter 7 the methods and techniques described in Chapter 6 are 
applied f u r t h e r . In th is s tudy , an attempt is made to discriminate between 
d i f fe ren t individuals on the basis of th i r teen quant i ta t ive , physical ly 
measurable parameters of a rb i t r a r y pieces of handwr i t ing Some of the 
global parameters used are : wr i t i ng speed, w r i t i ng pressure, s lant , 
roundness ( c i r c u l a r i t y ) , and letter size. Besides these global parameters 
also local parameters such as size and pen pressure changes wi th in words 
were used. Out of 80 lines of t ex t , produced by 20 subjects, the wr i te rs of 
77 lines were cor rec t ly ident i f ied . The most important parameters m the 
discr iminat ion tu rned out to be: slant, pen pressure , speed and total pen-
down durat ion I t appeared from the set of parameters used in th is 
experiment that the mam handwr i t ing parameters discr iminat ing between 
male and female wr i te rs m the sample used were, roundness, slant and 
w r i t i n g sty le (curs ive vs manuscr ip t ) . 
In the Epilog a number of applications of the products of handwr i t ing 
research are presented. Al l these applications involve the disposal of a 
(micro)computer . The methods and techniques descr ibed in Chapter 6 
con t r ibu te to the writing education in the pr imary school. The der ivat ion 
of physical features of handwr i t ing and ident i f icat ion of wr i te rs (Chapter 7) 
can simpl i fy and promote the automatic reading of handwr i t ing . They can 
be applied m forensic science and histor ic document research. The 
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techniques for segmentation provide information about coding and 
regeneration of handwr i t ing Such coding is , m pr inc ip le , not only suitable 
fo r the Latin alphabet, bu t also for other w r i t i n g systems, such as Chinese 
and Arabic scr ip t Final ly, insights obtained from handwr i t ing research 
can cont r ibute to the design of a new curs ive alphabet On the one hand, 
such an alphabet should be easy to learn and eff ic ient to per form, and, on 
the other hand, i t should have optimal readabi l i ty by man as well as by 
computer 
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Samenvatting 
In bijna alle cu l tu ren is schr i jven met de hand een veel gebru ik te en 
onmisbare vorm van communicatie. Dit geldt ook voor onze samenleving, 
ofschoon daar ook vele andere communicatiemiddelen op grote schaal 
voorhanden zijn Schr i jven als motorisch proces is daarom met alleen een 
interessant, maar ook - evenals spraak - een universeel voorbeeld van 
complexe psychomotor iek, waarin bewegingssequenties worden gegenereerd 
onder invloed van hiërarchische hogere en lagere controle processen. 
Enerzijds handelt deze dissertat ie over enkele belangr i jke vragen naar de 
uitoefening van deze motorische controle op de verschi l lende niveaus, met 
name op de lagere niveaus, t i jdens het schr i j ven . Anderzi jds heeft de 
studie be t rekk ing op mathematische en fys ische modellen van handschr i f t . 
Tot slot worden m d i t p roe fschr i f t een aantal meetprocedures en technieken 
besproken, die d ienst ig zi jn m het schr i j fonderzoek, alsmede enkele 
toepassingen ervan bui ten het laborator ium. 
Hoofdstuk 1 bevat een in le iding op de twee delen van de d isser tat ie . 
Het eerste en meest fundamentele deel (Hoofdstuk 2 t . e . m . 5) heeft 
be t rekk ing op schrijven als psychomotorisch proces. De centrale vraag 
daarbi j is welke rol cerebrale processen en meer per i fere processen spelen 
bi j de product ie van handschr i f t . Het u i te indel i jke handschr i f t komt 
u i teraard tot stand door middel van biofys ische spier- en gewr ichtste lsels , 
maar de vraag is hoe deze concrete bewegingen onder controle staan van 
hogere niveaus. Er worden v ier experimentele studies beschreven, die zi jn 
geordend van een studie be t rekk ing hebbend op per i fere systemen tot een 
studie be t rekk ing hebbend op globale parameters die op centraal niveau 
worden ingeste ld. Het tweede deel (Hoofdstuk 6 en 7) behandelt 
apparatuur, methoden en technieken die bi j schr i j fonderzoek noodzakeli jk 
zi jn Ook komen hier d iverse fysische (spatiele en dynamische) kenmerken 
van handschr i f t aan de orde. Deze kunnen worden afgeleid met behulp van 
de beschreven technieken. De kenmerken zelf kunnen, zoals b l i j k t , 
eventueel geb ru i k t worden bi j de ident i f icat ie van schr i j ve rs . Ten slotte 
komen enkele toepassingen van de methoden en technieken m 
schr i j fonderwi js aan de orde. 
In Hoofdstuk 2 wo rd t een studie beschreven over het gedrag van de 
twee biofysische systemen (du im-vmgers en hand-pols) als funct ie van de 
bewegingen van de hand van l inks naar rechts , dat wil zeggen als funct ie 
van de rotat ieniveaus van de hand ten opzichte van de pols. Bij veel 
proefpersonen verander t een aantal spatiele en dynamische kenmerken als 
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gevolg van het draaien van de hand. De hypothese is dat een deel van die 
verander ing veroorzaakt word t door mechanische beperkingen bi j toename 
van de ulnaire abductie of handrotat ie t i jdens het schr i j ven . In een 
experiment zi jn de f requent iespectra en de voorkeursbewegmgsr ichtmgen 
van het hand-pols systeem (mm of meer horizontale bewegingen) en van het 
du im-vmgers systeem (meer vert icale bewegingen) bepaald. De analyses zi jn 
u i tgevoerd in v i j f rotat ieniveaus van de ( rech te r ) hand ten opzichte van de 
pols. De resultaten kunnen worden u i t ged ruk t m termen van het 
vermogenspectrum van de twee systemen. Zo neemt van l inks naar rechts 
het vermogen van het du im-v ingers systeem toe terwi j l dat van het hand-
pols systeem afneemt bi j rotat ie van de hand van l inks naar rechts . De 
schr i j f he l lmg verander t m mindere mate dan men op grond van het draaien 
van de hand zou verwachten. Dit is waarschi jn l i jk een gevolg van de 
inste l l ing van een globale parameter van een op een hoger niveau werkend 
motorprogramma, dat voorschr i j f t dat bi j schr i jven de hell ing constant 
gehouden dient te worden. 
Hoofdstuk 3 heeft be t rekk ing op modellen van perifere processoren, die 
bestaan u i t antagonist ische spierstelsels, waarmee ui teindel i jk het 
handschr i f t wordt geproduceerd en op de commando's (motorprogramma's) 
voor die spierstelsels. Zoals vaak word t veronders te ld , worden deze 
per i fere motorprogramma's weer bestuurd door een hiërarchisch hoger, meer 
centraal motorprogramma. In de studie worden veert ien modellen 
beschreven, waarvan een aantal afkomstig is u i t de l i te ra tuur . Een 
onderscheid wordt gemaakt tussen modellen die handschr i f t opbouwen door 
middel van successieve segmenten (gedef in ieerd op basis van spatiele 
kenmerken) , van snelheidsimpulsen en van versnel lmgsimpulsen. Van de 
veert ien modellen zi jn computersimulaties gemaakt en m een experiment is 
nagegaan ¡n welke mate de modellen in staat zi jn het oorspronkel i jke 
handschr i f t te regenereren of te reconstrueren De resultaten van de 
modellen op basis van snelheidsimpulsen geven de beste benader ing. 
Vergeleken met de snelheidsmodellen zi jn de spatiele modellen en de 
versnel l ingsmodellen minder nauwkeur ig Een deel van het verschi l word t 
veroorzaakt door extra berekeningen ( in tegrat ie ) die nodig zijn voor de 
versnel l ingsmodellen Dit leidt tot ext ra quant isermgsru is Een tweede 
oorzaak is dat de onderzochte versnel l ingsmodel len, vergeleken met de 
snelheidsmodellen, gevoeliger zi jn voor fouten tengevolge van met-bal l is t isch 
schr i j ven . Het regenereren van handschr i f t door middel van spatiele 
modellen l i j k t soms meer op c u r v e - f i t t i n g dan op een simulatie van een 
real ist isch psychomotorisch model van een per i fere schr i j fprocessor. Uit 
de discussie b l i j k t dat de beste modellen ui t het onderzoek goed passen in 
de huidige opvat t ingen over de s t r uc tuu r van motorprogramma's 
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In Hoofdstuk 4 zijn de veert ien verschi l lende modellen voor de productie 
van handschrift, zoals beschreven m Hoofdstuk 3, nader onderzocht op hun 
consistentie en hun psychologische va l id i te i t . In Hoofdstuk 3 lag de nadruk 
op de mathematische eigenschappen van de deels door de auteurs 
voorgestelde en deels op de l i te ra tuur gebaseerde modellen In Hoofdstuk 4 
zi jn alle modellen met elkaar vergeleken voor wat bet re f t de gevoeligheid 
voor verander ing van de globale parameters groot te , schr i j fhe l lmg en 
or iëntat ie Een plausibele theorie is dat globale parameters autonoom, op een 
relat ief hoog niveau m het motorisch proces worden ingesteld. 
Veronderste ld word t dat de werk ing van per i fere processen daarvan 
onafhankel i jk is . Uit de resultaten van d i t onderzoek b l i j k t dat deze 
veronders te l l ing voor het merendeel van de modellen ju is t is De modellen 
met consistente resultaten hebben gemeenschappelijk dat de t iming van de 
opeenvolgende halen, vergeleken met het oorspronkel i jke handschr i f t , 
onaangetast is. Dit wi jst erop dat t iming van halen op peri feer niveau 
essentieel is voor een nauwkeurige regenerat ie van na tuur l i j k handschr i f t . 
Dit geeft evident ie voor de val id i te i t van de gevolgde procedure voor het 
afleiden van de processorvariabelen en voor , hetgeen belangr i jker i s , de 
onafhankel i jkheid van centrale en per i fere psychomotorische processoren 
De laatste studie over psychomotorische processen, gerappor teerd m 
Hoofdstuk 5, gaat ervan u i t dat handschr i f t word t geproduceerd door snelle 
bewegingen van de v ingers en van de hand draaiend in de pols, met daarop 
gesuperponeerd een langzame, mm of meer constante beweging van de 
onderarm van l inks naar rechts . Als deze veronders te l l ing ju is t is, dan zou 
de invloed van die beweging op alle delen van het handschr i f t 
overeenkomstig werkzaam moeten z i jn . Dit is nader onderzocht m Experiment 
1 van d i t hoofdstuk. In d i t experiment is aan proefpersonen gevraagd een 
bepaalde teks t dr ie keer over te schr i jven waarbi j de breedte van het 
handschr i f t moest worden veranderd Van de aldus verkregen manuscripten 
is onderzocht wat de invloed is op de ophalen (bewegingen omhoog) en op 
de neerhalen (bewegingen omlaag) van het handschr i f t . De belangr i jkste 
conclusie is dat de veronderstelde horizontale beweging niet constant is 
maar afhankel i jk van de bewegingsr icht ing De invloed op de neerhalen is 
du idel i jk k leiner dan die op de ophalen. In Experiment 2 is onderzocht of, 
m overeenstemming hiermee, de neerhalen ook bi j de visuele beoordeling 
van de hel l ing van handschr i f t een grotere rol spelen dan ophalen. Voor d i t 
doel zijn de manuscripten verkregen m Experiment 1 beoordeeld door 
proefpersonen. Ze moesten met behulp van t ransparante vellen met schuine 
l i jnen een oordeel geven over de hel l ing van het handschr i f t . Hierui t b l i j k t 
dat bi j deze beoordel ing de r i ch t ing van de neerhalen inderdaad zeer 
dominant is . De correlat ie tussen de beoordelingen en de neerhalen is 
158 Samenvatting 
0.99. Een deel van de hoge mate van constant zijn van de richting van de 
neerhalen kan waarschijnlijk verklaard worden uit de invloed van het 
schrijfonderwijs. 
Hoofdstuk 6 geeft een overzicht van de apparatuur, methoden en 
technieken die gebruikt worden voor registratie en analyse van 
schnjfsignalen. Hierbij wordt gebruik gemaakt van een XY-tablet. In 
verband met meetfouten is het noodzakelijk een relatieve hoge 
bemonsteringsfrequentie te kiezen voor de registratie en is het gewenst de 
bemonsterde signalen te filteren met een laagdoorlaatfilter. Dit geldt vooral 
als snelheid en versnelling bepaald moeten worden. In sommige gevallen is 
het noodzakelijk de signaal-ruis-verhoudmg te reduceren door bij de 
bemonstering te middelen over een groter aantal samples. BIJ bepaalde XY-
tabletten is het noodzakelijk, door lineaire interpolatie, te corrigeren voor 
met gelijktijdige bemonstering van X en Y. Voor het schrijfonderzoek zijn 
procedures ontwikkeld, onder andere, voor de opsporing van halen, 
woorden en regels, voor de berekening van schrijfhelling, voor de 
vaststelling van de voorkeursbewegingsrichtingen van het hand-pols en het 
duim-vmgersysteem, en voor diverse transformaties van handschrift. Tot 
slot worden enkele voorbeelden gegeven van mogelijke toepassingen van de 
beschreven technieken m het schrijfonderzoek, het schrijfonderwijs en de 
psychodiagnostiek. 
De in Hoofdstuk 6 beschreven methoden en technieken zijn m Hoofdstuk 
7 toegepast m een studie waarin is onderzocht m hoeverre individuen van 
elkaar zijn te onderscheiden op basis van fysische kenmerken van een 
willekeurig stukje te schrijven tekst. Als kenmerken worden globale 
grootheden gebruikt als schrijfsnelheid, schri j fdruk, helling, rondheid en 
lettergrootte. Daarnaast worden ook meer locale criteria als veranderingen 
in grootte en m schrijfdruk binnen woorden gebruikt In totaal werden 
dertien kenmerken m het onderzoek betrokken. Het resultaat van het 
uitgevoerde onderzoek is dat 77 van de 80 regels tekst, afkomstig van 20 
proefpersonen, correct worden toegewezen aan de schrijver. De 
belangrijkste kenmerken daarbij zijn helling, schri j fdruk, snelheid en de 
ti jd dat de pen op het papier is tijdens het schrijven. Uit de analyses 
(discriminant analyse) bli jkt dat de belangrijkste criteria die discrimineren 
tussen mannen en vrouwen zijn de mate van rondheid, het al dan met 
verbonden schrijven en de gemiddelde helling van het handschrift. 
In de Epiloog wordt dit proefschrift afgesloten met enkele aanduidingen 
van mogelijke toepassingen van de beschreven studies. De m Hoofdstuk 6 
beschreven methoden en technieken, waarbij steeds gebruik gemaakt wordt 
van een computer, zijn goed toepasbaar in het schrijfonderwijs. Ze kunnen 
gebruikt worden voor nog te ontwikkelen tests en schrijfoefeningen. Het 
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afleiden van kenmerken van handschr i f t en het ident i f iceren van schr i jvers 
(Hoofdstuk 7) zou het automatisch lezen van geschreven tekst kunnen 
vereenvoudigen en daardoor bevorderen. Ook zi jn toepassingen in 
forensisch onderzoek denkbaar De beschreven technieken voor het 
segmenteren van handschr i f t m halen leveren informatie over de manier 
waarop handschr i f t gecodeerd en gegenereerd kan worden. Een dergel i jke 
codering is m pr inc ipe ook toepasbaar voor andere, zoals Chinese en 
Arabische, schn j f tekens . Tot slot zullen inzichten verkregen ui t het 
psychomotorisch schr i j fonderzoek kunnen bi jdragen aan de ontwikke l ing van 
een nieuw normschr i f t . Een dergel i jk normschr i f t moet met alleen eenvoudig 
geproduceerd kunnen worden maar het dient in onze samenleving voor mens 
zowel als computer, optimaal leesbaar te zi jn 
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STELLINGEN 
Stel l ingen behorende bi j het p roe fschr i f t van 
Frans J . Maarse, The study oí handwriting movement: Peripheral models 
and signal processing techniques. Kathol ieke Univers i te i t Nijmegen, 13 
feb rua r i 1987. 
Stellingen 
1 . BIJ veel schr i j fonderzoek wordt er vanui t gegaan dat handschr i f t wordt 
geproduceerd door twee onafhankel i jke spier- en gewrichtste lsels, die 
fys isch gezien geheel verschi l lende dynamische eigenschappen hebben. 
Schr i jven b l i j k t een zodanig gecoördineerd psychomotorisch proces te 
z i j n , dat die eigenschappen m het dynamische handschr i f ts ignaal met 
onafhankel i jk van elkaar aantoonbaar zijn 
Dit p roe fschr i f t 
2. Reconstruct ie van handschr i f t op basis van halen gedef in ieerd tussen 
minima m de snelheid m zowel horizontale als vert icale r i ch t i ng , b l i j k t 
relatief goed mogelijk te z i j n . Vergeleken hiermee zijn reconstruct ies met 
behulp van halen, op overeenkomstige wijze gebaseerd op k rach ten , 
minder nauwkeur ig . 
Dit p roe fschr i f t . 
3. De werk ing van de processoren die ui te indel i jk het handschr i f t 
produceren b l i j f t onveranderd , als globale parameters als g roo t te , 
hel l ing en or iëntat ie van het handschr i f t worden gevar ieerd . 
Dit p roe fschr i f t 
4 . Schr i jvers vertonen de neiging ook onder extreme schr i j fcondi t ies de 
hel l ing van het geproduceerde handschr i f t constant te houden. 
Dit p roe fschr i f t . 
5. Het herkennen van schr i jvers aan de hand van een geschreven regel 
wi l lekeur ige tekst wordt aanzienli jk verbeterd door naast spatiele 
kenmerken ook gebru ik te maken van temporele aspecten van 
handschr i f t . 
Dit p roe fsch r i f t . 
6 Door bi j een computer het toetsenbord aan te vul len met, of te 
vervangen door een plat d isp lay- tab le t moet het mogelijk zi jn 
handschr i f t te gebru iken als communicatiemiddel tussen mens en 
computer. 
Thomassen, A . J W M . , Teu lmgs , H - L . , & Schomaker, L . R . B . (m 
p ress ) . Real-time processing of curs ive scr ip t and sketched 
graph ics . 
7 Het verd ient aanbeveling eerst te testen of een k ind wel over de voor 
schr i jven vereiste f i jne motoriek besch ik t , voordat met het echte 
schr i j fonderwi js word t begonnen 
8 Aan de un ivers i te i ten bestaat meestal een duidel i jke tweedeling Een 
beheers l i jn , waaronder het met-wetenschappel i jke onderzoek-
ondersteunend personeel ressorteert , enerz i jds , en een onderwi js- en 
onderzoeksl i jn anderzi jds Hierbij wordt voorbi jgegaan aan het f e i t , dat 
voor ondersteuning van onderzoek op het gebied van instrumentat ie en 
informatica een andere s t ruc tuu r gewenst is Dit heeft tot gevolg dat 
de ondersteuning niet optimaal is 
9 Dienstver lening binnen een univers i ta i re onderzoeksomgeving werk t vaak 
f r us t r e rend voor de d ienstver lener HIJ of ZIJ wordt te weinig bet rokken 
bij het proces van onderzoek zelf en k r i j g t veelal ook met de 
e rkenn ing , die hem of haar toekomt 
10 Gebruikers van bepaalde computersystemen ver tonen vaak grote 
overeenkomsten met leden van rel igieuze secten Het eigen systeem, 
waarin vaak veel is geïnvesteerd, is het enige ware en dus ook het 
beste voor alle andere computergebruikers Discussie met deze 
gebru ikers moet worden ontraden 
11 BIJ invoer ing van computers m organisaties zijn beginnende 
computergebru ikers vaak de dr i jvende kracht ZIJ worden niet geremd 
door kennis van systematische aanpak van automatiser ingsprojecten Dit 
leidt tot slecht geplande automatisering en chaotische situaties 
12 Programmeurs, die denken dat ze de analyse en de s t r u c t u r e r i n g van 
een probleem al programmerend achter een terminal tot stand kunnen 
brengen, zullen bedrogen uitkomen 
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